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Abstract 
The only sphingolipid occurring naturally in mammalian cells, sphingomyelin (SM) is of 
great importance.  Having predominantly long, saturated acyl chains it has an unusually 
high melting temperature (around physiological temperature) and has been strongly 
associated with lipid microdomains often referred to as “lipid rafts”.  These domains are 
proposed to be enriched in SM and cholesterol (Chol) and have been linked to many cell 
processes and disease states. 
Despite the important role SM plays in the cell membrane, there is relatively little 
published data available in the literature.  The first chapter of this work investigates the 
behaviour of SM from three natural sources, bovine brain (BBSM), egg yolk (EYSM) 
and milk (MSM).  This allows a comparison of the phase behaviour in terms of the 
different chain compositions in each extract.  The results show that the extracts differ in 
their gel phase structures and we present the first x-ray diffraction data for a ripple phase 
(Pβ’) in BBSM and EYSM. 
At sufficiently high concentrations, Chol acts to disrupt the gel phase (Lβ) and order the 
fluid phase (Lα) of SM, leading to the formation of the ‘intermediate’ liquid ordered (Lo) 
phase.  This phase retains characteristics of both the Lβ and Lα phases and has been 
strongly associated with lipid rafts.  Using a combination of x-ray diffraction and 31P 
solid-state NMR, we have investigated the disruption of the gel phase of BBSM at low 
Chol concentrations.  The results show disruption of the regular packing of the gel phase 
and also the removal of the ripple phase at 15mol% Chol. 
Finally, time-resolved x-ray diffraction techniques were utilised to investigate the 
kinetics of the different lamellar transitions observed.  The Lβ to Lα and the Pβ’ to Lα 
transitions are compared in MSM and BBSM. 
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Chol  cholesterol 
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NMR  nuclear magnetic resonance 
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Chapter 1: Introduction 
1.1 Membranes 1 
The cell membrane is a key component of all living organisms and essential for cell 
viability.  By acting as a selective barrier between the cell and its external environment, it 
maintains optimum conditions within the cell while protecting from external threats such 
as chemical and viral attack.  The internal cellular environment is maintained through the 
semi-permeable nature of the membrane itself and the action of protein ion pumps and 
channels which penetrate the bilayer. 
The cell membrane is a bilayer composed of a complex mixture of lipids, cholesterol and 
proteins with an underlying cytoskeleton support and an extracellular glycocalyx 
(polysaccharide coating layer).  The bilayer structure of the membrane is driven by the 
hydrophobic effect as the lipids within the membrane are amphiphilic molecules.  They 
have a hydrophilic headgroup and hydrophobic chains (fig. 1.1) and in an aqueous 
environment they will spontaneously arrange to protect the chains from unfavourable 
interactions with water.  This results in a bilayer structure in which the headgroups 
interact with the water while the chains remain protected within it (fig. 1.1).    
 14
 
Hydrophobic tail
Hydrophilic 
headgroup
Aqueous
Aqueous
 
Fig. 1.1.  Cartoon of an amphiphile and a bilayer.  The bilayer arrangement allows the hydrophilic 
headgroups to interact with the water while the hydrophobic chains are protected within the structure. 
The most common description of the cell membrane is that of the fluid mosaic proposed 
by Singer and Nicholson 2.  In this model the lipids and cholesterol molecules form an 
inert ‘sea’ through which proteins diffuse (fig. 1.2).  Most biological activity is attributed 
to proteins, while lipids provide structural support and strength. 
 
 
 
Fig. 1.2 Cartoon of the fluid mosaic model of a cell membrane.  Phospholipids and cholesterol form a fluid 
bilayer through which proteins diffuse. 
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While the lipid portion of membranes is often viewed as inert, there are a wide variety of 
lipids within cell membranes and they are known not to be evenly distributed within each 
leaflet.  Also, the two leaflets of the bilayer are non-equivalent, with each side enriched in 
different types of lipid  3 (see section 1.4 for a description of lipid structures).  This 
heterogeneity is maintained by the active action of ‘flipases’ proteins and the slow rate of 
‘flip-flop’ diffusion across the leaflets 4, 5. 
Recently there has been great interest in lipid heterogeneity within a leaflet and a new 
model has been proposed to describe membrane structure; the lipid raft model 6.  This 
model describes a more active membrane than the passive sea of the fluid mosaic model 
and has generated a great deal of research interest.  This model will be described in more 
detail in section 1.6, but the key idea is that lateral heterogeneity within a bilayer leaflet 
leads to formation of biologically active lipid microdomains enriched in saturated 
phospholipids, sphingolipids and cholesterol (fig. 1.3). 
 
 
Fig. 1.3 Cartoon of the lipid raft model.  Microdomains enriched in saturated phospholipids, sphingolipids 
and Chol form in the membrane creating proposed biological ‘hotspots’. 
 16
The lipids within these domains form a more ordered phase than the bulk membrane and 
so are described as ordered ‘rafts’ diffusing through the membrane.  Because of the lipids 
and proteins which are enriched in these domains, they are believed to take part in 
important cellular processes, such as signalling 7 and have also been linked to many 
diseases including viral infection, cancer, Alzheimer’s disease and many others 8. 
 
1.2 Liquid crystals 9, 10 
Membranes and the molecules which form them form liquid crystals.  Two types of 
liquid crystal exist; thermotropic and lyotropic.  Thermotropic liquid crystals undergo 
purely thermal phase transitions and are not considered in this work.  Lyotropic liquid 
crystals require a suitable solvent to form and phase transitions can be induced by 
changes in temperature, pressure or molecular concentration. 
Molecules which form lyotropic liquid crystals are known as surfactants, from surface 
active, and are amphiphilic; they have both hydrophilic and hydrophobic components.   
When added to a suitable solvent, for example water, the molecules spontaneously 
arrange to minimise unfavourable interactions.  At low concentrations of surfactant this 
results in the molecules arranging themselves at the air-water interface with the 
hydrophilic head dissolved in the water and the hydrophobic chains exposed to air (fig. 
1.4). 
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Fig. 1.4 Amphiphiles forming a monolayer at the air-water interface. 
 
This arrangement can only satisfy surfactant molecules until a complete monolayer is 
formed at the surface, it should be noted that this exists in equilibrium with a very small 
concentration of molecules in bulk solution.  If the concentration increases above that 
required to form a monolayer, the additional molecules must remain within the bulk 
solvent.  At surfactant concentrations above a certain point, known as the critical micelle 
concentration (CMC), the surfactant molecules form spherical arrangements called 
micelles.  At high water content, normal micelles form in which the tails are together and 
protected within the sphere while the headgroups interact with the surrounding solvent.  
Equivalent structures can form at low water concentration (or in a non-polar solvent) 
known as inverse micelles, where spherical water pockets are surrounded by headgroups 
and the tail groups form a continuous network (fig. 1.5). 
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Fig. 1.5 Cartoon of normal (left) and inverse (right) micelles. 
 
Micelles have extremely high curvature and so their formation is dependant upon the 
surfactant structure.  Diacyl lipids will rarely form micelles in water due to their large 
chain volume (see section 1.3).  
At low concentration, micelles are dispersed within the solution and display no long 
range order and as such this is not strictly a liquid crystal phase.  If the concentration of 
micelles is increased, they begin to correlate and pack into liquid crystal mesophases in 
which there is long range correlation between micelles.  The cubic micellar phases are 
examples of this in which micelles are packed in a cubic arrangement. 
Spherical micelles cannot expand indefinitely as increasing the number of molecules 
would lead to a void in the centre of the sphere.  The introduction of longer acyl chains 
also leads to a desire to reduce the curvature of the system.  To overcome these problems 
a distortion can occur to produce either prolated or oblated micelles which have lower 
curvature than the spherical micelle. 
Aggregation of cylindrical micelles into a hexagonal arrangement form the hexagonal 
liquid crystalline phases.  In these, infinitely long rods of surfactant are packed onto a 
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two dimensional hexagonal lattice and can again be normal or inverse (H1 and H2 
respectively) (fig. 1.6).  
 
 
Fig. 1.6.  Cartoon of the normal hexagonal (H1) phase.  It consists of infinitely long rods of lipids in a 
hexagonal arrangement.  Note some hydrocarbon chains have been omitted for clarity. 
 
For inverse liquid crystal systems, curvature can be reduced further by formation of the 
bicontinuous cubic phases.  These are represented as curved minimal surfaces with a 
monolayer residing on each face, leaving two continuous networks of water throughout 
the structure which never join (fig. 1.7). 
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Fig. 1.7 Minimal surfaces of the bicontinuous cubic phases; plumbers nightmare (left), gyroid (centre) and 
double diamond (right).  Figure taken from 11. 
 
The least curvature is found in the Lamellar (L) phases.  These are stacked infinite lipid 
bilayers separated by layers of water.  A variety of lamellar phases are found, defined by 
the molecular motions particular to each phase as discussed below. 
The Crystalline lamellar phase, Lc, is the most ordered of these phases, in which both the 
chains and the headgroups of the lipids are on fixed lattice points and have very little 
molecular motion.  The Lβ gel phase has increased headgroup motion and some very slow 
lateral motion though the lipid chains are still fixed in a hexagonal array within the 
bilayer and are fully extended in an almost entirely trans configuration (fig. 1.8). 
 
 
Fig. 1.8 Cartoon of the Lβ phase (left) and the Lβ’ phase (right). 
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There are some variations on the gel phase including the tilted gel phase (Lβ’) in which 
the molecules are oriented at an angle to the bilayer normal, usually 30°(fig. 1.8 above).  
Another variation is the ripple phase (Pβ’) (fig. 1.9).  This phase has the same slow 
rotation and diffusion as the Lβ phase but the bilayer also undulates along its plane.  The 
hydrocarbon chains are usually tilted relative to the bilayer normal, though an untilted   
ripple phase is also sometimes found (Pβ).  
 
 
Fig. 1.9 Cartoon of the ripple phase (Pβ’).  
 
Above a certain temperature, referred to as the melting temperature (Tm) and specific to 
each surfactant, the gel phase will ‘melt’ and form a fluid lamellar phase (Lα) (fig. 1.10).  
During this transition head-group motions, long-axis rotation, lateral diffusion and chain 
trans-gauche isomerisation all increase.  The Lα phase is characterised by disorder in the 
headgroup and chains and there is no regular packing within the plane of the bilayer. 
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Fig. 1.10 Cartoon of the fluid lamellar phase, Lα. 
 
1.3 Curvature 12  
The liquid crystal phases described above show a progressive decrease in curvature from 
micellar to lamellar.  The structure of the mesophase formed is greatly dependant upon 
the structure of the surfactant involved. 
Molecules can be described as type 1, type 0 or type 2 depending upon the differing 
curvature of the phases they form.  The overall ‘shape’ of the molecule depends upon the 
balance between the effective headgroup area and the effective chain volume.  A 
simplistic model is shown below (fig. 1.11) 
 
 
Fig. 1.11 Cartoon illustrating how molecular shape affects the type of mesophase formed.   
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Type 1 molecules are those in which the effective headgroup size greatly exceeds that of 
the chains.  These are typically monoacyl lipids and tend to curve away from water 
forming normal or type 1 structures, in which the chains are protected from the bulk 
water. 
If the effective headgroup and chain areas are balanced then the molecule has and overall 
cylindrical or type 0 shape.  These are usually saturated diacyl lipids and form lamellar 
phases. 
Type 2 molecules are usually unsaturated diacyl lipids which have high chain splay and a 
much larger effective chain volume than that of the headgroup.  These molecules curve 
towards water forming inverse or type 2 structures, often described as water in bulk oil. 
 
1.4 Lipids 
1.4.1 Lipid structure and nomenclature 
Membrane lipids fall into two main categories; the glycerophospholipids and the 
sphingophospholipids.  Glycerophopholipids are based on a glycerol molecule with two 
ester-linked fatty acid chains in the SN1 and SN2 positions.  A variety of headgroups are 
then bonded to the glycerol.  Biologically relevant headgroups include 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 
phosphatidylinositol (PI), phosphatidic acid (PA) and phosphatidylglycerol (PG) (fig. 
1.12). 
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Fig. 1.12 Lipid headgroup structures.  
 
Lipid nomenclature dictates that the chains are named first, in the order SN1 then SN2, 
unless both chains are the same in which case the prefix di- is used.  The chains are 
named according to their full common name which is often abbreviated to a 
corresponding letter.  They can also be referred to by their chain length and degree of 
saturation,i.e.a saturated sixteen carbon chain can be called palmitic, P or 16:0.  The 
headgroups are identified by the names and abbreviations given above and combined 
with the chain nomenclature to give the full lipid name.  
Sphingophospholipids are based on a sphingosine backbone which provides one of the 
long hydrocarbon chains.  This chain is usually sixteen carbons long with a trans double 
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bond at position two though slightly longer chains are possible 13.  The second chain is 
amide bonded to the free N in sphingosine and is often longer than the sphingosine 
backbone (between 16 and 24 carbons are found naturally) leading to chain mismatch.  
The most common headgroup in natural sphingophospholipids is PC (fig. 1.13). 
 
 
Fig. 1.13 Structure of 18:0 SM.  
 
1.4.2 Sphingomyelin 
The only sphingolipid found in biological membranes, sphingomyelin (SM) is currently 
of great interest due to its implication in the lipid raft theory.  It has been shown to have a 
preferential interaction with Chol14 leading to phase separation into liquid ordered 
domains 15, a model for rafts in the native membrane.   
Whilst being structurally similar to the PC phospholipids, there are key differences as 
described above.  These differences are in the interfacial region, due to the amide linkage 
in SM, and the very long saturated chains, and lead to chemical and behavioural changes 
when compared to PC phospholipids. 
Unlike PC phospholipids, which can only act as H-bond acceptors, the amide linkage in 
SM allows it to act as both an acceptor and a donor.  This has been proposed to create a 
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hydrogen-bonding network between SM molecules16 which, along with its long saturated 
chains, promotes very close packing of the lipids within the bilayer.  The molecular area 
of SM in the bilayer has been found to be ~50Å2 17-19 which is significantly lower than 
phospholipids with the same (PC) headgroup (eg. 64Å 2 reported for DPPC 20).   
The acyl chains in SM are predominantly long and saturated which leads to high chain 
melting temperatures, often around physiological temperature (37°C).  The high chain 
asymmetry that arises due to the very long amide linked chain can also lead to unusual 
phase behaviour and a number of interdigitated phases have been proposed for SM 21. 
In addition to its interesting chemical and physical behaviour, SM is also of great 
biological importance. It is proposed to be an important signalling molecule in 
programmed cell death.  Ceramide, the product of its interaction with sphingomyelinase, 
is a secondary signalling molecule in apoptosis22 and it is linked to other biomedical 
conditions, including an increased concentration in brain tissue of Alzheimer’s patients23. 
Despite the obvious importance of SM in a variety of fields, there is relatively little 
published data involving it when compared to that describing PC.  PC lipids are often 
used in model raft systems as they offer a simpler model than SM.  SM is usually 
available as natural extracts which contain a wide range of chain lengths and can lead to 
unpredictable behaviour.  PC on the other hand is available as pure samples and the phase 
behaviour is well characterised, additionally it is also readily deuterated allowing 2H 
NMR experiments to be performed. 
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1.4.3 Cholesterol 
In addition to the variety of lipids described above, there is a large concentration of Chol 
in eukaryote cell membranes, often 50mol% of the total lipid content1.  The level is much 
lower in organelle membranes and is almost completely absent in prokaryotic 
membranes.  It is located in both membrane leaflets though the rate of flip-flop across the 
leaflets is unknown. 
Chol is based on the four fused ring steroidal back bone with a hydroxyl group at one end 
and a branched hydrocarbon chain at the other (fig. 1.14).  It is much more hydrophobic 
than phospholipids and its rigid structure allows it to bury itself between the chains of 
adjacent lipid molecules in the bilayer. 
OH  
Fig. 1.14 Structure of Cholesterol.  
Despite the bad reputation of Chol in the popular health literature, it is actually very 
important for the body.  In addition to dietary intake, it is synthesised in the liver and is a 
precursor to vitamin D and many hormones. 
As well as these essential functions, it also plays a crucial role in the cell membrane.  As 
mentioned above, the sphingolipids have a Tm around physiological temperature (37°C) 
which could lead to gel phase regions forming in the membrane.  Maintaining a fluid 
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membrane is extremely important and Chol plays a key role in this by acting as a phase 
moderator. 
Chol is driven to shield its hydrophobic backbone within the bilayer by inserting between 
lipid molecules.  In the gel phase this disrupts the long range chain order and increases 
molecular motion.  The phase becomes more ‘fluid-like’. 
Conversely, the fluid phase becomes more ordered when interacting with Chol, due to 
Chol’s rigid structure, it packs most easily against straight lipid chains (a proposed 
driving force for its preferential association with the predominantly saturated SM).  As 
the Lα phase contains a high number of gauche states and disordered chains, Chol forces 
the chains back towards their extended trans conformation in order to most efficiently 
pack against them. 
At sufficiently high levels of Chol these two processes result in the formation of the 
liquid ordered (Lo) phase (fig. 1.15).  This phase is intermediate between the Lβ and Lα 
phases, retaining some characteristics of each.  It has the high chain order of the Lβ along 
with the fast molecular motions and diffusion of the Lα. 
 
 
Fig. 1.15 Cartoon of the liquid ordered, Lo, phase.  Chol is represented as a solid rectangle. 
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One of the most important benefits of this phase moderation is that the membrane can 
maintain fluidity over a range of temperatures and in addition, Chol enriched membranes 
become less permeable to small molecules due to the close packing of the lipids.  The Lo 
phase has been proposed to be the phase adopted by lipid rafts, while the majority of the 
membrane remains in the Lα phase 24. 
 
1.5 Interaction between SM and Chol  
Chol has been observed to preferentially associate with SM over other membrane lipids 14 
and the rate of Chol desorption from the membrane is much higher after SM depletion 
than when other saturated PCs are removed 25, 26.  Various explanations for the 
preferential interaction have been proposed including SM’s highly saturated chains and 
its capability for hydrogen bonding described above. 
The importance of the hydroxyl group of SM has been investigated by substitution with 
other functional groups 27, 28.  Replacement of the hydroxyl by a hydrogen atom or an O-
alkyl group gives only a minor increase in the rate of Chol desorption while replacement 
with a sterically bulky moiety has a much greater effect.  The effect of Chol on the 13C 
NMR chemical shift of the amide carbonyl group has also been examined and again little 
evidence for hydrogen bonding was found 29. These results indicate that the hydroxyl is 
not important for a specific interaction with Chol but that its small size allows close 
packing between the molecules. 
Another proposed site of hydrogen bonding is to the amide linkage in SM 30.  Modifying 
the linkage to an acyl linkage (as in PCs) resulted in a great increase in Chol desorption31.  
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ESR also provides evidence of hydrogen bonding to the amide linkage in the presence of 
Chol 32.  It is possible that hydrogen bonding between the hydroxyl of the Chol with the 
nitrogen of the SM amide bond allows a strong interaction between these lipids. 
Some work has examined the importance of the SM headgroup on the interaction with 
Chol.  Synthetic SM with a PE headgroup was shown to have a much weaker interaction 
with Chol than native SM 33.  Even though the hydrogen bonding capability was 
unaltered, the loss of the methyl groups from the headgroup still disrupted the interaction. 
Other studies have suggested that the interaction is due to the long, saturated chains 
maximising the hydrophobic interaction with Chol 34.  The saturated chains of SM would 
allow Chol to pack against it more readily than an unsaturated lipid though this does not 
explain the preference for SM over saturated PCs.  In addition, the optimum PC chain 
length for association with Chol was 14:0 while Chol will associate with much longer 
natural SM (including the naturally abundant 24:1SM) 35.  
Biologically relevant SM, although predominantly saturated, does contain a degree of 
unsaturation, particularly in the longer acyl chains.  Cholesterol will predominantly 
associate with saturated lipids as they allow closer packing against the rigid sterol 
backbone.  The double bonds in unsaturated SM are usually positioned towards the centre 
of the bilayer (eg position 15 in 24:0SM) and hence cause less disruption to Chol than if 
positioned further up the chain 36. 
These studies show that the preferential interaction between SM and Chol is far from 
simple.  Many interactions have been shown to play a part but no single one can fully 
explain the behaviour. 
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1.6 Lipid Raft theory 
This topic was introduced in section 1.1 but warrants a more detailed description.  The 
idea that lateral heterogeneity in the membrane can give rise to biologically functional 
‘rafts’ has been met with great interest while also attracting controversy and rejection and 
continues to be a topic of intense debate. 
The possible biological relevance of lipid rafts was originally suggested in 1988 37 when 
lipid domain formation was proposed as the first step in lipid sorting within the golgi 
apparatus before vesicular trafficking of specific lipids and proteins to other cellular 
areas.  The theory was later the refined 6 and lipid rafts have since become implicated in 
many cell processes and diseases 38 including inter-cellular signalling, viral infection and 
Alzheimer’s disease amongst many others. 
 
1.6.1 Drug resistant membrane (DRM) studies 
Much of the original work investigation membrane domains was based on detergent 
resistant membrane (DRM) studies 39.  This work involved extracting cellular membranes 
with a detergent such as Triton–X 100 at low temperature, this results in both soluble and 
insoluble membrane fractions being obtained.  Upon analysis, the insoluble fraction, the 
DRM, was found to be enriched in sphingolipids and cholesterol as well as GPI anchored 
proteins 8. 
It was concluded that the DRMs existed in a more tightly packed phase than the majority 
of the membrane and hence could not be penetrated by the detergent, this more tightly 
packed arrangement later became known as the Lo phase.  This surfactant based 
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techniques was believed to be a physical method of isolating lipid rafts and was 
supported by studies showing that depletion of Chol within membranes allowed the 
previously insoluble fraction to dissolve in Triton-x 100 40. 
However, this theory became questioned when it was shown that the process used during 
detergent extraction may in fact induce DRM formation, therefore the proportion of 
DRM extracted can not be used as an accurate estimate of the proportion of ordered 
domains in the native membrane.  Specifically it was shown that while at low 
temperatures a large proportion of the membrane was insoluble, significantly more was 
soluble at 37 °C 41. 
Less direct physical methods of detecting rafts have been used, including Chol depletion 
by cyclodextrin.  These studies show that after treatment with cyclodextrin many cellular 
processes such as signalling are inhibited, suggesting that these are linked to Chol rich 
membrane areas 42.  However, the effects of Chol depletion on living cells are complex 
and the resulting loss of function cannot be unambiguously attributed to the disruption of 
rafts 43. 
These early physical studies provided an exciting insight into the possibility of membrane 
lateral heterogeneity however, due to the inherent problems and uncertainties with these 
methods, spectroscopic and imaging techniques are now more commonly applied. 
 
1.6.2 More recent studies 
There is currently great interest in the study of biological membranes and lipid 
interactions and a wealth of data has been published.  This has been reviewed in a 
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number of prominent publications44, 45 but a brief overview is given here.  This is not an 
exhaustive analysis but simply intends to give context to the following work. 
Model membranes are commonly used in lipid raft and other membrane studies.  
Although they do not provide a complete picture of the native membrane, by greatly 
simplifying the system we can gain a highly valuable insight into the fundamental 
behaviour of membrane components.   
Much of the focus of model membrane studies has been to investigate fluid-fluid 
immiscibility.  The majority of work involving SM uses the archetypal raft mixtures of 
SM:DOPC:Chol or SM:POPC:Chol.  A large proportion of the research into this area 
uses saturated PCs in place of SM in order to further simplify the system. 
Fluid-fluid immiscibility has been observed in these membranes by fluorescence 
microscopy, often showing large, micron scale domains 46 though similar studies in cells 
have failed to show such large scale domains or such clear phase separation 47. An 
inherent problem in many fluorescence studies is that fluorescent probe incorporation can 
perturb the system under investigation, in the case of lipid rafts, it has been argued that 
the use of fluorescent probes may create unnaturally large domains due to probe 
aggregation.  Some groups claim that rafts in a native membrane are likely to be much 
smaller, possibly on the nm scale, but since this is below or approaching the resolution 
limit for fluorescence microscopy it would present fundamental problems for optically 
visualising native rafts 48. 
AFM has also been utilised to visualise domains formation in membranes 49, 50.  It has 
provided some exciting and compelling images but while no probe needs to be 
incorporated into the membrane, the technique does present its own problems. These 
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include disruption of the membrane due to the tip dragging on the surface and the effect 
of interactions with the solid support to which the lipids must be attached. 
Some interesting cell studies have also been carried out using fluorescence spectroscopy, 
probing fluorescently tagged lipids or proteins believed to be associated with rafts.  
Reported results vary, some show uniform distribution though the membrane while others 
report some aggregation 51, 52.  The uniform distribution of the probes could suggest no 
rafts are present in the membrane or if they do exist, that they are very small. 
Despite their limitations, imaging techniques such as these have very successfully shown 
phase separation in model membranes and give some evidence for domains in vivo.  
Reported sizes of these cellular domains vary greatly ranging from 100nm to <10nm 53-55.  
If rafts are of limited size then coalescence of these micro-domains to form larger 
structures is likely to be necessary to confer activity 7. 
The lifetime of rafts has also attracted investigation.  The observation of long-lived 
(Stable for more than 1 minute) fluid domains in cell membranes has been reported 46, 54 
but other studies suggest that rafts are much more short lived, perhaps with lifetimes of 
only 1ms or less 55.   
The most widely accepted definition of the lipid raft is that it is a region of the membrane 
enriched in sphingolipids and cholesterol, existing in the Lo phase.  As SM is located 
almost entirely in the external leaflet this poses a question as to how domains form in the 
inner leaflet.  It has been proposed that the long acyl chain of SM can extend into the 
inner leaflet and couple the two monolayers 56 or that raft associated trans-membrane 
proteins can organise the lipids in the opposite leaflet57. 
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The role of proteins in rafts is also debated.  Some argue that the interaction between 
cholesterol and lipids such as sphingmyelin is enough to create ordered domains as seen 
in model membranes and then subsequently proteins are recruited into the domain 46.  
Others take the view that it is the protein which orders the lipid molecules around it to 
form domains 44. 
Computer modelling is now frequently employed in attempts to understand membrane 
biophysics17, 58, 59.  Although often limited by the size of models that can be used, it can 
provide a useful way to research parameters which may be extremely difficult or indeed 
impossible to measure physically such as line tension, hydration level, bilayer thickness 
or individual molecule conformation. 
It is clear that there is still much disagreement and controversy surrounding the lipid raft 
theory 60, 61.  Some evidence suggest that rafts may be crucially important, highly 
biologically active domains while other data present the possibility that rafts may be 
nothing more than transient groupings of a few molecules, too small and short-lived to 
perform significant functions. 
 
1.7 Aims of this work 
The work presented in this thesis aims to understand more thoroughly the interactions 
between two important cell membrane constituents.  Although SM is one of the key lipids 
in the raft theory, it is relatively poorly understood as much research concentrates on 
DPPC.  DPPC is structurally and behaviourally similar to SM but has the advantage of 
being readily available as a pure species. 
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Initially the behaviour of a range of SMs will be studied.  As SM is usually obtained as a 
natural extract, it presents a more complicated system than a pure, synthetic lipid and 
hence warrants some investigation.  A range of different extracts, containing a variety of 
chain lengths, will be studied to investigate how chain composition affects lipid phase 
behaviour.  The principle techniques used will be 31P solid state NMR, to study the lipid 
headgroup dynamics and to confirm the mesophase structure, and x-ray diffraction 
techniques (SAXS and WAXS) to investigate the structure of the lipid phases, 
particularly in the gel phase.  
As the interaction between SM and Chol is central to the lipid raft theory, binary SM-
Chol mixtures will also be investigated.  This work will focus on low levels of Chol and 
primarily investigate the disruption of the SM gel phase using 31P solid state NMR and 
SAXS and WAXS.  WAXS will be used to assess the effect of Chol on the in-plane 
molecular packing in the gel phase while SAXS will allow any changes in the lamellar 
spacing to be observed.  31P NMR will be used to observe any changes in headgroup 
dynamics.   
Using synchrotron radiation, time-resolved small angle x-ray diffraction data can be 
obtained on phase transitions.  The kinetics of lamellar phase transitions will be 
investigated in this way using pressure jumps to induce the transitions in a reversible 
manner.  This technique will allow some kinetic analysis of the different transitions 
observed in the systems. 
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Chapter 2: Theory 
A variety of techniques have been used in this work and an overview of the principles of 
each is given here.  Significantly more detailed descriptions of all these techniques can be 
found elsewhere, this is simply intended as a brief introduction to their principle and 
application in the field of lipids and membranes. 
 
2.1 Nuclear Magnetic Resonance (NMR) 62  
The fundamental property which is exploited in NMR is the fact that atomic nuclei 
possess a property known as spin.  Each nucleon (proton or neutron) within the nucleus 
of an atom has a spin of ½ and it is the combination of these spins which leads to the 
overall spin, I, of the nucleus.  The way in which the nucleon spins combine to give the 
total nuclear spin is beyond the scope of this thesis however it should be noted that it is 
not a simple summing and often nuclei have an overall spin of 0, unfortunately including 
many potentially useful probe elements such as 16O, 12C and 14N.  However, if I>0 then 
the nucleus is said to be NMR active and possess spin angular momentum. 
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In the absence of an external magnetic field, atomic nuclei will have randomly oriented 
spins. However in a large external magnetic field (B0), NMR active nuclei will partially 
align their spin in the field so that the net magnetisation of the sample is parallel to B0. 
This observed field alignment can be explained as follows. The spin angular momentum 
(I) of an NMR active nucleus can occupy a number of different, quantised orientations 
with the number of different orientations given by: 
 
2 1n I= +   Eq. 2.1 
 
Before application of an external magnetic field all these orientations are degenerate and 
hence the atomic nuclei within a sample will be randomly oriented. However, a large 
magnetic field removes the degeneracy of different spin orientations, this loss of 
degeneracy is known as the Zeeman effect (fig. 2.1).  The Zeeman splitting (splitting 
between different nuclear spin energy levels) is very small but proportional to the 
external field and given by: 
 
0
2
hBE γ
π
Δ =   Eq. 2.2 
 
At equilibrium, the population of nuclei in each state is given by the Boltzmann 
distribution, resulting in a small excess of population in the lower state. 
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Fig. 2.1 Zeeman splitting showing the removal of degeneracy upon application of an external magnetic 
field to a nucleus with I=1/2. 
 
Applying electromagnetic radiation at an appropriate frequency will allow a transition 
from the lower energy level to the excited state, the effect of this excitation is to move the 
net magnetisation away from the direction of the external field. The required frequency is 
known as the Larmor frequency and due to the small Zeeman splitting is in the radio 
frequency range. The pulses of radio frequency radiation used to excite a sample are 
generally described by the angular displacement of the net magnetisation, e.g.: a 90° 
pulse moves the net magnetisation from the field direction, z, into the xy plane. 
In an external magnetic field, any net magnetisation which is not aligned with the field 
will precess round the field direction at the Larmor frequency.  The applied field 
direction is always defined as the z direction but because of the precession effect, it is 
convenient to define a rotation frame of reference which rotates at the Larmor giving two 
further rotating axes, x’ and y’. This means that any magnetisation precessing around the 
z axis at the Larmor frequency will now appear stationary. 
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The small energy level difference also means that excited nuclei will tend not to 
spontaneously emit radiation and decay back to their equilibrium state.  Instead, the 
return to equilibrium is a stimulated process.  This stimulation can be provided by a 
number of different processes: 
Each nucleus within a sample is surrounded by other nuclei, this surrounding 
environment is termed the ‘lattice’.  These surrounding nuclei undergo rotations and 
vibrations which can occur at the same frequency as the Larmor frequency of the nucleus 
of interest.  This results in interactions between the nucleus and the surrounding lattice 
and this transfer of energy allows the excited nuclei to return to their equilibrium state 
(fig. 2.2).  This is termed T1, spin-lattice or longitudinal relaxation. 
 
 
Fig. 2.2 T1 relaxation, after a 90° pulse the magnetisation lies along the y’ axis.  As time progresses the 
spins transfer magnetisation to the surrounding lattice and return to their equilibrium state, aligned with B0. 
 
In order to record an NMR signal, the nuclei are initially excited using radio frequency 
radiation.  This moves the net magnetisation from the z axis, onto the y’-axis as shown in 
fig. 2.3 where the signal can be recorded.  Here an additional relaxation process occurs 
which leads to the gradual loss of the signal.  The excited spins can interact with each 
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other leading to defocusing and eventual loss of the NMR signal.  This is known as T2, 
spin-spin or transverse relaxation. 
 
x’ x’
y’ y’
x’x’
y’y’
 
Fig. 2.3 T2 relaxation, viewed down the z axis onto the x’,y’ plane.  After initial excitation, the spins are 
aligned along the y’ axis,  as time progresses transfer can occur between spins and the sample is defocused 
until no net magnetisation remains along the y’ axis. 
 
2.1.1 Solid State NMR 
The principles of NMR in the solid state are identical to those of the more commonly 
used solution state. However the lack of rapid molecular tumbling leads to additional 
line-broadening factors.  The Hamiltonian for an NMR signal is given by: 
 
Z D CS QH H H H H= + + +       Eq 2.3 
 
Where HZ is the Zeeman interaction, HD the dipolar interaction, HJ the scalar coupling, 
HCS the chemical shift interaction and HQ the quadrupolar interaction.  All these factors 
(except the scalar and Zeeman interactions) have an angular dependence and for free 
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tumbling molecules in solution they are averaged out. In the solid state the molecular 
motion is restricted so these terms become significant which leads to additional line 
broadening. 
The dipolar and chemical shift interactions have the following angular dependence: 
 
23cos 1θ −   Eq. 2.4 
Where θ is the angle between B0 and the local field around the nucleus of interest. 
Their effect can be removed by setting eq. 2.4 equal to 0 and a solution to this is given 
by: 
1 1cos 54.7
3
−
≈ °  Eq. 2.5 
 
This is known as the ‘magic angle’ and interestingly, is also the angle between diagonally 
opposite corners of a cube. Fast sample rotation about this angle will remove any 
orientational dependence of dipolar and chemical shift interactions (fig. 2.4). 
 
 
Fig. 2.4 The equivalence of the axes of a cube when rotated about the magic angle.  
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This rotation technique is called Magic Angle Spinning (MAS) and if sufficiently high 
rotational frequencies can be reached, the dipolar and chemical shift interactions can be 
removed completely leaving only the isotropic peak, as would be seen in solution. To 
achieve this, the spinning rate must be higher than the width of feature to be averaged, 
which is often several tens, or even hundreds, of kHz.  A problem in lipid studies is that 
such high speeds can lead to frictional heating and dehydration of the sample63, 64 so 
typically frequencies of 3-10 kHz are used.  This partially removes the broadening, 
giving the isotropic peak with a series of spinning sidebands at intervals equal to the 
spinning frequency (fig. 2.5). 
 
 
Fig. 2.5 31P static (top) and MAS (bottom) spectra of BBSM showing the removal of linebroadening to 
leave the isotropic peak and spinning sidebands within the powder pattern. 
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2.1.2 NMR experiments 65 
The primary nuclei of interest in lipid studies are 1H, 13C, 31P and 2H (for deuterated chain 
studdies).  Different experiment types are often used for each nucleus and a brief 
introduction to some of these is given below.   
 
Single pulse excitation 
The simplest NMR experiment is a single pulse excitation and this is most often used in 
1H experiments (fig. 2.7).  It simply involves a 90° pulse to rotate the magnetisation into 
the x,y plane, signal acquisition and then a delay time to allow the system to return to 
equilibrium before the sequence is repeated (fig. 2.6). 
 
 
Fig. 2.6 Schematic of the single pulse excitation pulse sequence. 
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Fig. 2.7 1H spectra of BBSM. 
 
Nuclear Overhauser Effect (NOE) 
The nuclear Overhauser effect is a phenomenon in NMR in which strictly disallowed 
nuclear transitions can occur, transferring magnetisation between nuclear states.  This is 
often utilised in NMR experiments as it allows us to increase the signal of a low 
abundance isotope by transferring magnetisation to it from a more abundant one.  This 
makes it ideal for natural abundance 13C experiments. 
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The possible energy levels in a two spin system are shown below (fig. 2.8).  The 
transitions shown are those which give an NMR signal.  Usually, if we irradiate at the 
Larmor frequency of nucleus 1 then it will enter its excited state, giving an NMR signal, 
and then relax to its equilibrium state via the same pathway. 
 
 
Fig. 2.8 The allowed transitions in a two spin system. 
Now imagine that once nucleus 1 is excited, fluctuations occur which allow a 
‘disallowed’ transitions to occur.  These are the double quantum and zero quantum ‘flip-
flop’ transitions shown below (fig. 2.9). 
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Fig. 2.9 The disallowed transitions in a two spin state, double quantum (W2) and zero quantum (W0) 
 
When nucleus 1 is excited, the population in βα and ββ exceeds that of the other two 
states.  
Now, if the double quantum (W2) transition occurs it will act to return the system to 
equilibrium by increasing the population in the αα state and this will result in an 
increased population difference for nucleus 2 – there has been a transfer of magnetisation 
from nucleus 1 to 2. 
Conversely, if, once nucleus 1 is excited, the zero quantum (W0) transition occurs then 
population is transferred from the βα to the αβ state.  This would reduce the population 
difference between the states for nucleus 2. 
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It is important to note that either W0 or W2 transitions are favoured depending on the 
sample. Experiments can be designed such that either transition results in an increase in 
the final signal.  
To perform an NOE experiment in practice, an abundant nucleus (such as 1H) is 
irradiated throughout the experiment in order to saturate it.  A 90° pulse is applied to the 
nucleus of interest, followed by a mixing time to allow transfer of magnetisation from the 
saturated nucleus.  This is followed by another 90° pulse and the signal is acquired (fig. 
2.10). 
 
Fig. 2.10 Schematic of the NOE pulse sequence. 
13C spectra of phospholipids can provide useful information about the degree of chain 
order.  As the number of gauche states in the chains increases, the methylene peaks shift 
more upfield (fig. 2.11).   
 49
 
Fig. 2.11 13C spectra of BBSM. 
 
Decoupling 
Whilst spin coupling can be of use in many experiments, it leads to line broadening 
which is often undesirable.  31P NMR experiments often use 1H decoupling pulses to 
achieve narrower linewidths.  Decoupling is quite simple to achieve, a saturating pulse is 
applied at the frequency of the nucleus to be decoupled whilst acquiring the spectrum 
from the nucleus of interest (fig. 2.12). 
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Fig. 2.12 Schematic of the heteronuclear decoupling pulse sequence.  Applying a high power decoupling 
pulse to the 1H channel whilst acquiring the signal gives a narrower lineshape. 
 
Decoupling is extensively employed when acquiring static 31P NMR spectra of 
phospholipid samples, giving a spectrum known as a powder pattern.  The chemical shift 
of a nucleus may be dependant upon its orientation relative to the magnetic field as 
shown by the chemical shift anisotropy term in the NMR Hamiltonian.  This effect is 
caused by non-uniform electron distribution around a nucleus within a molecule.  There 
are two possible extremes, with the molecule parallel and perpendicular to the field 
giving a spread of chemical shifts (fig. 2.13).  The powder pattern is a statistical 
distribution of the possible orientations of molecules within the sample. 
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Fig. 2.13 The angular dependence of the chemical shift.  Orientations parallel and perpendicular to the field 
give the two extremes. 
 
In a lamellar vesicle, there is a small population parallel to the field (at the top and 
bottom of the vesicle) and a large population perpendicular to the field (around the 
‘equator’).  This gives rise to the distinctive shape of the lamellar patterns (fig. 2.14).  In 
the gel phase, the intense peak at -20 ppm corresponds to the more highly populated 
perpendicular state, while the other extreme, at 40 ppm, is the parallel.  Upon melting to a 
fluid lamellar phase, the powder pattern has a similar intensity distribution but becomes 
much sharper and narrower, resulting from the increased molecular motion. 
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Fig. 2.14 31P powder patterns in the Lβ (bottom) and Lα (top) phases indicating the parallel and 
perpendicular tensors. 
 
The hexagonal phases give a similar powder pattern, though of opposite sign to the 
lamellar (the pattern is flipped horizontally) and half the width.  The additional motion of 
rotation around the hexagonally packed cylinders increases the signal averaging and 
hence the powder pattern is reduced in linewidth. 
The bicontinuous cubic and micellar phases all give isotropic peaks in 31P static NMR 
because lipids within these phases undergo fast molecular averaging in all three 
dimensions. 
The shape of the powder patterns can also be described in terms of the chemical shielding 
tensor of 31P.  The chemical shielding is not isotropic and is described by three 
components σ11, σ22 and σ33 (fig. 2.15).  Molecular motion leads to averaging of these 
components to give the two extremes seen in the 31P powder pattern; the parallel and 
perpendicular components.  The perpendicular extreme has the larger population as both 
 53
the σ11 and σ22 components are averaged to the same value, while the parallel extreme is 
from the σ33 component alone. 
 
P
33
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22
σ
σ
σ
 
Fig. 2.15 Representation of the components of the 31P chemical shielding tensor in a lipid. 
 
Decoupling can also be used with magic angle spinning to simplify the sharp spectra as in 
solution state NMR. 
 
2.2 X-ray Diffraction 
X-ray diffraction is widely employed to study a huge variety of samples, this section only 
aims to describe its application to condensed lipid phase studies. 
Electromagnetic radiation can interact with a regular lattice which has a similar repeat 
spacing to the radiation’s wavelength.  The wavelength of X-rays makes them perfect for 
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the study of crystalline and liquid crystalline materials.  The interaction between the 
radiation and the sample can be modelled as X-rays being reflected from repeating planes 
(fig. 2.16). 
 
 
Fig. 2.16 Modelling x-ray diffraction as reflection from parallel planes. 
 
In order for a diffraction peak to be seen the diffracted waves must interfere 
constructively i.e. the path difference between X-rays reflected from different planes 
must be a whole number of wavelengths.  This was defined by Bragg in what is known as 
Bragg’s Law (eq. 2.6). 
 
2 sinn dλ θ=   Eq. 2.6 
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where n is the integer order of the diffraction peak, λ is the wavelength of the incident X-
ray, d is the repeat distance between planes in the sample and θ is the angle between the 
repeat planes and the incident radiation beam. 
The diffraction peaks observed do not show the sample lattice directly but relate to the 
reciprocal lattice.  A full description of reciprocal lattices is available elsewhere 66 but 
briefly, it is a 3-dimensional lattice calculated directly from the real lattice, points in the 
reciprocal lattice correspond to repeat planes in the real lattice. The reciprocal lattice is 
defined by the Miller indices h, k and l and importantly is only dependent on the samples 
lattice structure.  In order to observe the reciprocal lattice in an X-ray diffraction 
experiments, an Ewald sphere is constructed (fig. 2.17). 
 
 
Fig. 2.17 The Ewald sphere. 
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The Ewald sphere is only defined by the incident X-ray radiation, it has radius 1/λ and is 
centred at -1/λ. Where the Ewald sphere intersects the reciprocal lattice, Bragg’s law is 
satisfied and this will give a diffraction peak.  The length of the red line shown in fig. 
2.17, S, is given by: 
 
2sinS θλ=   Eq. 2.7 
 
Comparing this to eq 2.6 we can see that S=1/d. 
Each point in the reciprocal lattice refers to an hkl plane in the crystal.  In single crystal 
diffraction the sample, and hence reciprocal lattice, has only one orientation. This means 
there are only certain, discrete intersections between the Ewald sphere and reciprocal 
lattice with each intersection producing a sharp diffraction spot.  In powder diffraction, 
grains within the sample are randomly oriented and so the reciprocal lattice explores all 
possible orientations. Because of this, intersections occur in continuous rings around the 
Ewald sphere, each centred on the X-ray beam.  This results in diffraction rings rather 
than discrete points.  The same effect can be achieved in single crystal diffraction by 
rotating the sample around all three axes. 
 
2.2.1 Small angle x-ray scattering (SAXS) 
Small angle x-ray scattering gives information about the long range order in samples, 
generally from about 20 – 1000 Å.  In liquid crystals this can be used to determine the 
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phase and lattice parameters of the sample.  Each liquid crystal mesophase gives a 
characteristic pattern of diffraction rings dependent upon its symmetry (table 2.1). 
 
Hexagonal      
Relative peak position 1 √3 √4 √7 √9 
Miller Indices (100) (110) (200) (210) (300) 
Plumbers nightmare cubic      
Relative peak position √2 √4 √6 √8 √10 
Miller Indices (110) (200) (211) (220) (310) 
Gyroid cubic      
Relative peak position √6 √8 √14 √16 √20 
Miller Indices (211) (220) (321) (400) (420) 
Double Diamond cubic      
Relative peak position √2 √3 √4 √6 √8 
Miller Indices (110) (111) (200) (211) (220) 
Lamellar      
Relative peak position 1 2 3 4 5 
Miller Indices (100) (200) (300) (400) (500) 
 
Table 2.1 Relative peak position and miller indices for SAXS of liquid crystals. 
 
Analysis of the diffraction pattern gives the value of the d-spacing and hence lattice 
parameter, the repeat unit size of the phase.  
In this study, only lamellar liquid crystalline phases were observed.  In these cases, repeat 
unit refers to the distance from a point on one bilayer to the equivalent point on the next.  
This encompasses the bilayer thickness and the interlamellar water thickness (fig. 2.18).  
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The ratio of the lipid biayer thickness to the water layer thickness depends greatly upon 
the type of lipid and the phase of the system.  For example, while uncharged lipids reach 
a maximum hydration level, the water layer associated with charged lipids can expand 
indefinitely. 
 
 
Fig. 2.18 Cartoon showing the d-spacing in a lamellar sample, encompassing the bilayer thickness and the 
interlamellar water. 
 
2.2.2 Wide angle x-ray scattering (WAXS) 
WAXS data gives information about the short range order in a system, generally around 1 
– 10 Å.  In liquid crystals it shows the distance between the hydrocarbon chains of 
adjacent lipids.  This makes it a useful tool for distinguishing between the different 
lamellar phases.  In the crystalline Lc phase the chains are restricted to specific lattice 
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points and so the distance between them is approximately constant.  This results in one or 
more sharp WAXS diffraction peaks. 
In the Lβ gel phase, the lipids are again arranged in a hexagonal lattice but there is a slight 
increase in motion.  The WAXS peak is usually relatively sharp and centred on 4.2 Å.  
The onset of rapid lateral diffusion in the fluid Lα phase means that there is no longer 
short range order in the sample.  The average distance between lipid chains increases as 
the number of gauche states rises and the WAXS peak becomes much broader, centred on 
4.6Å. (fig. 2.19). 
 
Fig. 2.19 WAXS diffraction peaks of BBSM in the gel (5°C) and fluid (65°C) lamellar phases, the sharp 
peak at ~0.2Å-1 is due to the Teflon sample holder. 
 
As the Lo phase retains the rapid lateral diffusion of the Lα it is extremely difficult to 
distinguish between these phases by analysis of the WAXS data. 
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2.2.3 Synchrotron radiation 
A synchrotron source is a particle accelerator in which electrons are continuously 
accelerated around a large storage ring (up to a kilometre in diameter) by high magnetic 
fields.  This acceleration produces a broad spectrum of radiation including X-rays. 
 
 
Fig. 2.20 Schematic of a synchrotron ring showing the beamlines leaving the storage ring at tangents.  
 
X-rays leave the storage ring on beamlines set at tangents to the ring (fig. 2.20) and after 
this the experiments are carried out exactly as with any other X-ray generator. 
Synchrotron radiation has many advantages over that produced by a typical lab based X-
ray source.  These include the fact that the X-rays produced are much more intense, more 
highly collimated and a wide range of frequencies can be selected.  Very short exposure 
times can be achieved using synchrotron radiation due to the high X-ray flux making fast 
(millisecond) time resolved experiments possible.  
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2.3 DSC  
Differential scanning calorimetry (DSC) is an analytical technique used to observe 
thermal transitions.  A filled sample pan and an empty reference pan are heated and the 
difference in energy required to achieve equal temperatures in each is recorded.  When 
the sample undergoes a phase transition its heat capacity changes rapidly and this is 
recorded as a peak (endotherm) or trough (exotherm) in the DSC scan. 
 
Fig. 2.21 DSC peaks for a range of sphingomyelins, taken from67.  
Analysis of the DSC traces can yield thermodynamic data about transitions (transition 
enthalpy can be calculated by integrating the DSC peak) but often this technique is used 
to accurately determine the temperature at which a phase change occurs.
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Chapter 3: Materials and Methods 
3.1 Materials 
Bovine brain sphingomyelin (BBSM) and egg yolk sphingomyelin (EYSM) were 
purchased from Sigma Aldrich (Gillingham, UK).  DPPC, DPPE, milk sphingomyelin 
(MSM), and Chol were purchased from Avanti Polar Lipids (Alabaster, AL).  All 
reagents were used without further purification but were lyophilised prior to use to 
remove any atmospheric water absorbed during storage.  Owing to the possibility of 
variation in chain composition between batches of the natural sphingomyelin extracts, all 
work was carried out on a single batch of each lipid. 
 
3.2 Sample preparation 
~50mg of each sample were typically prepared.  Appropriate ratios (mol%, assuming two 
waters per lipid) of lipids and Chol were dissolved in sufficient cyclohexane to 
completely solubilise the sample, with a drop of methanol to aid dissolution.  The sample 
was then lyophilised overnight to remove the solvent.  Samples were hydrated with 
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50wt% D2O and heat cycled a minimum of three times across their melting transition 
(heating to at least 55°C and cooling to room temperature). 
NMR samples were transferred to 4 or 2.5mm zirconium MAS rotors and stored at -20°C 
until used.  X-ray samples were transferred to Teflon spacers with mylar windows and 
stored at -20°C until used.  The Teflon spacers were circular discs ~2mm thick with a 
hole, ~3mm diameter, in the centre of the disc in which to place the sample.  They were 
sealed using thin mylar sheets, secured with double sided tape to each side of the spacer. 
 
3.3 NMR data acquisition 
All NMR data were acquired on a Bruker DRX 600 MHz spectrometer operating at 14.09 
T with a 1H resonance of 600.1 MHz, 13C resonance of 150.9 MHz and 31P resonance of 
242.9 MHz.  Standard Bruker pulse programs were used with the parameters summarised 
below in table 3.1. 
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 1H 13C 31P static 31P MAS 
Pulse 
programme Single pulse NOE Single pulse Single pulse 
No scans 16 4096 2048 128 
TD 4096 4096 2048 5430 
Sweep 
width 40 kHz 40 kHz 48 kHz 48 kHz 
Acquisition 
time 51ms 51ms 21ms 56ms 
Relaxation 
delay  2 s 3 s 3 s 3 s 
Decoupling - 1H 1H 1H 
X-pulse 
length - 4 µs 2 µs 2 µs 
X-power 
level - 4 dB 0 dB 0 dB 
1H-pulse 
length 4 µs 3.6 µs 3.6 µs 3.6 µs 
1H-power 
level 4 dB 12 dB 12 dB 12 dB 
Lorentzian 
broadening 1 Hz 10 Hz 100 Hz 10 Hz 
MAS spin 
rate 3-5 kHz 3-5 kHz - 3-5 kHz 
 
Table 3.1 standard parameters used in NMR experiments.   
 
Variable temperature (VT) experiments were performed by passing the bearing gas 
through a chiller unit and then a heating probe before reaching the sample.  All samples 
were heat cycled across the Tm (by heating to at least 55 °C and allowing to cool to room 
temperature) before beginning the experiment and allowed to equilibrate for 5 minutes at 
each new temperature prior to data acquisition. 
All NMR data were acquired using 4mm rotors except the 31P MAS and static data for 
MSM presented in chapter 4 which used a 2.5 mm rotor.  A much larger number of scans 
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were required for these experiments due to the smaller sample size used.  The static 31P 
experiments used 4096 scans while the 31P MAS experiments used 1024 scans. 
 
3.4 X-ray data acquisition 
3.4.1 SAXS data 
SAXS data were acquired on a number of different beamlines (referred to as the SOL, 
and synchrotron) and individual chapters specify which was used to acquire the data.   
The SOL is an in-house beamline based on a Guinier camera with a film SAXS/WAXS 
detector.  The Cu source produced Kα1 radiation with a wavelength of 1.54 Å.  Sample 
temperature was controlled via circulation of a silicon oil (Haake circulating fluid 
SIL180) through the heat exchanger block in which the sample holder is held.   
All synchrotron SAXS data were acquired on beamline ID02 at the ESRF in Grenoble, 
France using a wavelength of 0.78 Å.  Sample temperature was maintained via water 
circulation through a temperature control jacket in the sample holder.  All high pressure 
data and pressure jumps were achieved using a pressure cell designed and built at the 
University of Dortmund.  The pressure cell is described in greater detail in section 3.4.3, 
below.  
 
3.4.2 WAXS data 
WAXS data were acquired on the in-house SOL beamline simultaneously with the SAXS 
data. 
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3.4.3 High pressure SAXS data 
All high pressure work was conducted on beamline ID02 at the ESRF using a pressure 
cell designed and manufactured at the University of Dortmund.    A schematic of the 
pressure cell is shown in fig. 3.1, taken from Woenckhaus et al.68 where a more detailed 
description of the apparatus can be found. 
 
Fig. 3.1 Diagram of high pressure sample cell taken from Woenckhaus et al.68.  
 
The sample sits in a Teflon spacer within the window holder (2) within the cell (1).  The 
diamond window (4) is held in place by the window plug (5), sealed with o-rings (3), and 
this is secured with the closure nut (6).  Water circulating through the temperature control 
jacket (8) controls sample temperature while the pressure changes are achieved via the 
high pressure system connected at (7). 
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The elevated pressures were achieved by use of a manual pump and a water reservoir 
connected to the sample holder via high pressure tubing and valves (Nova Swiss, 
Effretikon, Switzerland).  Using water as the pressurising medium, pressures of up to 7 
kbar are achievable.  In the pressure jump experiments release of the high pressure valves 
was triggered by the opening of the beamline shutter allowing data acquisition to occur 
simultaneously with the jump.  This allows bidirectional pressure jumps of up to 7kbar to 
be performed with a time resolution of 0.05 s.   
 
3.4.4 X-ray data analysis 
All x-ray data were analysed using AXcess, an in-house developed IDL based 
programme69.  X-ray films were scanned before analysis while data from a CCD detector 
can be analysed immediately.  The programme converts the raw data into intensity plots.  
All data were calibrated against silver behenate which gives a strong diffraction pattern 
with a d-spacing of 58.38 Å.   
The programme allows integration of multiple data files to create “stackplots” to aid 
visual understanding of any changes or transitions in the sample.  It is also possible to 
automatically track changes in the position or intensity of a peak through the stackplot.  
This is of particular use for the pressure jump studies in which a large number of images 
are collected.  The peaks are fit to a Gaussian in order to find the peak maximum. 
The automatic peak tracking is best applied to intense, well resolved peaks.  Some of the 
data acquired, especially for the ripple phase, show very broad, overlapping or 
unresolved peaks in the small angle.  This meant that it was not always possible to track 
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the changes in the d-spacing automatically using AXcess. These images were therefore 
analysed individually and the change in peak position measured manually.  
 
 3.4.5 Ripple phase analysis 
The ripple phase has two repeat distances, the interlamellar distance (a) and the ripple 
period/frequency (b) (fig. 3.2).  The angle between these (γ) can also vary, giving an 
oblique lattice.  The absolute values of these parameters varies but b is usually greater 
than a, for DPPC the following values have been reported a= 71 Å, b= 136 Å, γ= 95° 70.  
The combination of these three variables leads to the large number of diffraction peaks 
seen in the small angle x-ray diffraction pattern (chapter 4 results). 
 
 
 
Fig. 3.2 Cartoon illustrating the lattice parameters of the ripple phase.  
 
The ripple phase is usually tilted with respect to the bilayer normal.  This means that 
unlike the flat lamellar phases, the reciprocal spacing measured from the diffraction 
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pattern cannot be directly converted to the real spacing.  Instead the three lattice 
parameters a, b, and γ must be calculated by the method described below.  
For an oblique lattice the reciprocal lattice is given by the following 71 : 
 
   2 2 2 2 2 2 cosS h a k b hka b γ∗ ∗ ∗ ∗ ∗= + +    Eq 3.1 
 
Where: 
1
sin
a
a γ
∗
=                Eq. 3.2 
1
sin
b
b γ
∗
=         Eq. 3.3 
 180γ γ∗ = ° −        Eq. 3.4 
 
Once the diffraction peaks have been assigned the equations above can be solved to find 
a, b and γ.  For the (0,1) peak,  eq. 3.1 becomes: 
 
2 2 2 2 2
(0,1) 0 1 2 0 1 cosS a b a b γ∗ ∗ ∗ ∗ ∗= + + × × ×  
2 2
(0,1)S b
∗
=  
 
For the (1,0) peak : 
 
 70
2 2 2 2 2
(1,0) 1 0 2 1 0 cosS a b a b γ∗ ∗ ∗ ∗ ∗= + + × × ×  
2 2
(1,0)S a
∗
=  
 
These values can then be substituted into the equation 3.1 for the (1,1) peak and solved to 
find γ. 
2 2 2 2 2
(1,1) 1 1 2 1 1S a b a b cosγ∗ ∗ ∗ ∗ ∗= + + × × ×  
2 2 2
1cos
2
S a b
a b
γ
∗ ∗
∗ −
∗ ∗
⎛ ⎞− −
= ⎜ ⎟
×⎝ ⎠
 
180γ γ ∗= ° −        Eq. 3.4 
        
This value of γ can then be substituted into the equations 3.2 and 3.3 to find a and b.   
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Chapter 4 – Phase behaviour of 
Sphingomyelins 
4.1 Introduction  
As suggested in chapter one, there is a relative dearth of published data on sphingomyelin 
(SM) when compared to PCs.  In the following work a range of natural SM extracts are 
studied by X-ray diffraction, solid state NMR and DSC.  The work aims to investigate 
their phase behaviour and assess how variations in chain length and unsaturation affect 
this.  The SMs studied are egg yolk SM (EYSM), bovine brain SM (BBSM) and milk SM 
(MSM). 
The chain compositions of the extracts are given by Avanti Polar lipids as follows (fig. 
4.1). 
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Fig. 4.1 Compositions of BBSM, EYSM and MSM as reported by Avanti polar lipids.  
 
As these are natural extracts, the lipid composition is likely to vary from batch to batch.  
Various analyses have been published previously 13, 36, 72-75 and show some variation in 
the proportions of each chain length present.  In order to ensure consistency and 
reproducibility in the results all data were acquired on a single batch of each extract.
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4.2 Results 
4.2.1 DSC 
DSC data have been previously published for all the SM extracts used in this work 76 (fig. 
4.2). The DSC data obtained here for BBSM (fig. 4.3) agrees well with previously 
published results. 
 
Fig. 4.2 DSC scans for BBSM, EYSM and MSM adapted from 76. 
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Fig. 4.3 DSC data for BBSM acquired with a heating rate of 5 °C/hour. 
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The approximate (as the transitions are very broad in the case of BBSM and EYSM) 
melting temperatures of the three extracts studied are summarised in table 4.1. 
 
Extract Tm 
BBSM 35 – 40 °C 
EYSM 37- 40 °C 
MSM 29 – 35 °C 
 
Table 4.1 Summary of the Tm for each sphingomyelin extract studied, from the DSC data from 76.  
4.2.2 31P static NMR 
31P static NMR data were acquired for BBSM over the temperature range 5-60 °C and for 
MSM at 45 and 55°C, all samples were prepared in excess D2O (fig. 4.4).  31P static 
spectra of EYSM from 10-60°C in excess D2O (fig. 4.4) have previously been acquired 
within our research group 77.  
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Fig. 4.4.  31P static NMR spectra for BBSM, EYSM 77 and MSM in excess D2O.  
 
The results for both BBSM and EYSM show the transition from the gel to the fluid phase 
as a narrowing of the 31P powder pattern from the characteristic broad pattern of the gel 
phase to the narrower fluid pattern.  Upon melting an isotropic component (at 0 ppm) is 
seen to develop in the pattern for BBSM.  The 31P NMR data for MSM at 45°C and 55°C 
show a fluid lamellar powder pattern with a very small isotropic component.  
 
4.2.3 31P MAS NMR 
31P MAS NMR data were also acquired for BBSM and MSM over the temperature range 
5-60°C (fig. 4.5).  The 31P MAS NMR data for EYSM between 10-60°C were acquired 
previously by this group (fig. 4.5) 77. 
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Fig. 4.5 31P MAS NMR spectra for BBSM, EYSM 77 and MSM in excess water.  
 
The results show the main melting transition for each lipid as a sharp reduction in 
linewidth.  Just before the main transition an increase in linewidth is observed for all the 
samples.  This is more easily seen when the FWHM linewidths for each extract are 
measured (fig. 4.6).  This was done automatically in X-WIN NMR using a macro which 
fits a Lorentzian to the peak. 
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Fig. 4.6 31P MAS NMR FWHM linewidths for BBSM, EYSM and MSM. 
 
4.2.4 WAXS 
WAXS data were acquired on the in-house SOL X-ray beamline for each of the SM 
extracts.  At temperatures above their respective chain melting transition temperature 
(Tm) the data for each sample show a broad diffraction peak centred on 4.6 Å (fig. 4.7.a 
BBSM is shown as an example).  Note that the value of 4.6 Å is a literature value for the 
WAXS peak observed in lipid systems in the Lα phase, the peak position was not 
measured from the data acquired due to the very broad nature of the peak.  Below the Tm 
the diffraction peak is sharper and centred on 4.2Å (fig. 4.7.b).        
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Fig 4.7 a) WAXS data for BBSM at 65 °C  b) WAXS data for BBSM, EYSM and MSM acquired on the 
SOL at 5 °C with a 12hour exposure time.  The peaks labelled + and * are due to mylar and Teflon 
respectively from the sample holder. 
 
WAXS data for MSM was also collected at 20°C (fig 4.8) due to changes observed in the 
SAXS pattern from the gel at this temperature (see SAXS data section below).  The 
WAXS peak at 5°C is much broader than that at 20°C.  
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Fig. 4.8 WAXS data for MSM at 5 and 20 °C.  The sharp peak at ~0.2 Å-1, labelled *, is due to the Teflon 
spacer.  
 
4.2.5 SAXS 
Initial temperature scanned SAXS data were acquired in-house on the SOL beamline (fig. 
4.9).  While MSM gives relatively sharp lamellar diffraction peaks in the small angle, 
those observed for BBSM and EYSM appear much broader.    
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Fig. 4.9 Stack plots of BBSM, EYSM, MSM SAXS data between 5-65 °C from SOL.  
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Fig. 4.10 d-spacing change with temperature in BBSM, EYSM and MSM from SAXS data from SOL 
camera. 
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Further SAXS data acquired on synchrotron beamline ID02 at the ESRF, Grenoble, 
revealed that, for BBSM, these broad peaks could in fact be resolved to reveal a number 
of different peaks (fig. 4.11) corresponding to a rippled gel phase, EYSM still showed 
unresolved peaks within the same envelope as those observed for BBSM.   The data for 
MSM again showed only sharp lamellar diffraction peaks. 
 
    
 
Fig. 4.11 Variable temperature SAXS data for BBSM, EYSM and MSM acquired at ID02, ESRF. 
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Fig. 4.12 D-spacing change with temperature in BBSM, EYSM and MSM from SAXS data acquired at 
ID02, ESRF. 
 
D-spacings measured from the two different X-ray sources for each extract are listed 
below in table 4.2.  There is a large discrepancy between the values measured at each X-
ray source for BBSM, especially in the fluid phase. There is also a systematic error of 3-5 
Å in the d-spacings of the other extracts.  It is likely that this disagreement is due to the 
closely spaced peaks not being resolved by the SOL camera. 
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 SOL d-spacing/ Å ID02 d-spacing/ Å 
 Gel Fluid Gel Fluid 
BBSM 81 60 85/91 70 
EYSM 63 57 69 62 
MSM 70 63 73 66 
 
Table 4.2  D-spacings in Å, for BBSM, EYSM and MSM measured from data acquired on the SOL and 
ID02 beamlines.  The two values given for BBSM refer to the Lβ (85 Å) and the ripple (10) (91 Å) spacing.  
 
Using the pressure cell described in chapter three, small angle diffraction patterns were 
recorded at high pressure using the ID02 beamline (fig. 4.13).  The change in the lamellar 
spacing with pressure is shown in fig. 4.14.  Data were obtained for each extract at a 
range of temperatures and pressures in order to map out the pressure-temperature (P-T) 
phase diagram.  The data obtained at elevated pressure show some interesting differences 
to those obtained by varying temperature. 
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Fig. 4.13 Examples of SAXS data acquired at a range of pressures in BBSM (58 °C), EYSM (62 °C) and 
MSM (53 °C) acquired at ID02, ESRF. 
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Fig. 4.14 Change in lamellar d-spacing with pressure in BBSM (58 °C), EYSM (62 °C) and MSM (53 °C). 
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The high pressure data for BBSM show that the gel phase diffraction pattern is more 
clearly resolved at high pressure (fig. 4.13 above).  Interestingly, this only occurs at high 
temperature, when the sample undergoes a pressure induced transition from the fluid to 
gel phase. at low temperature, pressure has little effect on the resolution of the gel phase 
diffraction pattern (fig. 4.15). 
 
15˚C 1bar
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Fig. 4.15 Synchrotron SAXS (ID02) diffraction patterns of BBSM at 15 °C, 1 bar (top), 15 °C 3 kbar 
(middle) and 50 °C 2 kbar (bottom).  The ripple diffraction pattern is resolved at high temperature and high 
pressure. 
 
The data for EYSM show that the gel phase diffraction pattern does not become sharper 
at high pressure, even after inducing a transition from the fluid phase.  At high pressure 
and high temperature the diffraction pattern does change but now appears more like a 
simple lamellar pattern (fig. 4.16). 
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Fig. 4.16 Synchrotron SAXS (ID02) diffraction patterns of EYSM at 24 °C, 200 bar (top), 62 °C 1.6 kbar 
(middle) and 62 °C 2.4 kbar (bottom).  The multi-peak diffraction pattern is never resolved and appears to 
convert to a simple lamellar pattern at high temperature and high pressure. 
 
MSM shows only lamellar diffraction peaks, however applying pressure shows that there 
is a change in d-spacing within the gel phase prior to melting (fig. 4.14 above). 
 
4.3 Discussion  
4.3.1 NMR 
The 31P static NMR data for all the extracts show a broad powder pattern, characteristic 
of the lamellar gel phase, at temperatures below the main transition (fig. 4.4).  The main 
chain melting transition causes a narrowing of the powder pattern into the shape 
characteristic of the Lα phase. 
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The data for BBSM and MSM show development of a broad isotropic component (0 
ppm) on reaching the main transition temperature.  Formation of the isotropic component 
appears to be fully reversible as the peak disappears on cooling.  Similar results have 
been reported for BBSM previously though the origin of the peak was not suggested 78. 
There are several possible explanations for this phenomenon however most can be easily 
ruled out.  Reorientation of the headgroup so that it is lying at the magic angle could give 
rise to a small isotropic component 79, however the peak observed is too big for this to 
make a significant contribution. 
Sample degradation by loss of the headgroup would produce free phosphate in solution 
and hence an isotropic peak at 0ppm in the powder pattern.  The peak has been observed 
in two different batches of BBSM and is removed if the sample is cooled, suggesting that 
the peak is not due to a degradation product. 
Formation of an isotropic phase such as a bicontinuous-cubic or micellar phase would 
also account for this peak.  However, the highly saturated structure of SM makes this 
unlikely and neither X-ray diffraction (fig. 4.11) nor optical microscopy (data not shown) 
showed any evidence of an isotropic phase developing upon heating.  Isotropic phases 
also typically give rise to a very sharp peak in the NMR spectrum, while the one 
observed here is slightly broadened. 
There is no isotropic component at any temperature in the 31P static NMR spectra of 
EYSM.  EYSM is a significantly more homogenous mixture than BBSM or MSM 
(EYSM is typically ~84% 16:0SM) and all the species present are saturated.  BBSM and 
MSM contain longer chains (18:0, 24:1, 22:0. 23:0 and 24:0) and also include lipids with 
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a degree of unsaturation and chain mismatch in the nervonic acid (24:1) component, this 
is quite a significant difference.   
Electron micrographs from freeze fracture studies have previously shown small vesicles 
coexisting with large multi lamellar vesicles (MLVs) in BBSM samples 75, 80 and 
synthetic SMs 81.  In the latter study small vesicles were present in lignoceric (24:0) SM 
samples but not in palmitic (16:0) SM.  As BBSM and MSM contain a high proportion of 
long chain SM (around 24 carbon atoms long) it is possible that these components are 
able to leave the bilayer and form small vesicles. 
The lineshape of NMR spectra is dependant upon the molecular motion of the molecules 
within the sample.  As mentioned previously, micelles give very sharp peaks due to the 
high molecular averaging.  The presence of small vesicles in a sample would result in a 
peak at the isotropic chemical shift (0 ppm) but the linewidth would depend upon the 
vesicle size.  Molecular averaging would increase as the vesicle size decreases and so 
smaller vescicles would result in a sharper isotropic linewidth.  Previously published 
work has investigated small vesicles of a range of diameters in order to examine the 
resulting NMR linewidths 82. 
As small vesicles were observed in a saturated lipid sample (lignoceric-SM (24:0)), 
unsaturation is probably not the main factor driving their formation.  It is likely that the 
high chain mismatch in long chain SM results in packing frustration which can be 
relieved by these lipids leaving the bilayer to form smaller vesicles which then exist in 
equilibrium with larger multi-lamellar vesicles. 
From the size of the isotropic peak, it appears that BBSM forms a larger proportion of 
small vesicles than MSM.  This may be due to the fact that MSM has a much greater 
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percentage of SM with mismatched chains, this may allow easier packing via 
interdigitation within the bilayer therefore shifting the equilibrium towards the bilayer. 
Many studies have investigated the possibility of interdigitation of asymmetric lipids into 
the opposite leaflet of a bilayer 83.  It may be possible for nervonic (24:1) SM to do this in 
BBSM while the bilayer is in the gel phase but this may become more difficult above the 
Tm when the chains occupy a greater volume.  In this case it may be more favourable to 
leave the bilayer and form the small vesicles containing only 24:1 SM.                    
 
31P MAS NMR 
The 31P MAS NMR results also show some interesting features.  Each of the extracts 
initially show a gradual reduction in linewidth with increasing temperature, followed by a 
dramatic increase in linewidth approximately 10°C before the main transition (fig. 4.6).  
The initial reduction in linewidth upon heating the sample is due to increased long axis 
rotation/headgroup rotation resulting in signal averaging.  The increase in linewidth 
before melting however seems counterintuitive, increasing temperature generally results 
in increased motion and hence narrower lineshapes.  This can be readily seen in the 
differences between the gel and Lα isotropic lineshapes due to the different rates of lateral 
diffusion in the two phases. 
This unusual trend has been reported previously for EYSM 84 and was attributed to the 
possible formation of a ripple phase (Pβ’), in which greater restriction of headgroup 
motion leads to line-broadening.  This cannot fully explain the increase in linewidth as 
the effect is seen in BBSM which we have shown to exhibit a ripple at all temperatures 
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between 5-35°C, not as an intermediate phase and MSM which does not form a ripple 
phase (see X-ray diffraction discussion below).   
Further data also shows that the linewidth trend is unrelated to the ripple phase and 
suggests that it may be a universal feature of lipid melting.  31P MAS NMR data of fully 
hydrated DPPC and DPPE were acquired (fig. 4.17). 
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Fig. 4.17 31P MAS NMR linewidths (FWHM) of BBSM (Tm 30-35 °C) DPPC (Tm ~40 °C) and DPPE (Tm 
~64 °C) in excess D2O.  Note, lines are added to aid the eye and are not experimental fits. 
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DPPC is known to form a ripple phase prior to the main transition and the increase in 
linewidth is observed in this sample 85.  More interesting is the data for DPPE, which, 
like MSM, does not form a ripple phase 85.  The linewidth increase is still evident in this 
sample, confirming that the effect is unrelated to the ripple phase.  The effect seems 
independent of headgroup structure as both PCs and PEs show the effect and it also 
seems independent of the interfacial structure as it is observed in both SM and 
glycerophospholipids.  We propose that this is a universal trend related to lipid melting 
transitions.  The only lipid studied here which does not show this trend is MSM and this 
anomaly will be discussed below. 
Another study has proposed that the linewidth change may be due to a change in the 
headgroup dynamics just before melting 86.  This argument seems counterintuitive as 
increasing temperature would generally result in an increase in molecular motion, and 
hence a decrease in linewidth.   
The same increase in linewidth before the Tm has also been reported in 2H NMR studies 
of perdeuterated DPPC 87 and palmitoyl-SM 88.  A study of DMPC T2 measurements also 
shows a related trend to our data 89.  This study measured T2 relaxation times over a wide 
range of temperatures and shows a sharp decrease in T2 shortly before the main transition 
at 23°C. 
Given that a decrease in T2 results in an increase in linewidth, the T2 data follows the 
same pattern as the trend in the 31P MAS linewidth.  The decrease in T2 was attributed to 
the onset of restricted whole molecule rotation.  A similar effect is observed in 
hydrocarbons before melting when a rotator phase is known to form 90.  
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Lipid headgroup motion is strongly decoupled from that of the chains so although there is 
evidence for a slow/restricted motion occurring in the chains before melting it is unlikely 
that this will also be reflected in the headgroup.  1H NMR spectra of lipids show very 
sharp peaks for the headgroup, especially the N-(CH3)3 group.  The 1H NMR peak for 
this group is clearly visible even in the gel phase, indicating fast headgroup motion (see 
fig. 2.7).  This suggests that the linewidth increase is unlikely to be due to slow 
headgroup motions. 
As we observe the 31P MAS NMR linewidth increase in SM, PC and PE exhibiting Lβ, 
Lβ’ and Pβ’ gel phases, we believe that it is a universal trend associated with lipid 
melting.  Contrary to the previous study by Holland et al. 84, we believe there is an 
alternative explanation for the change in linewidth but which is also unrelated to the 
precise lipid structure.  As the transition temperature is approached various processes 
occur in the gel phase; molecular motion increases, chain order decreases, and there is 
lateral expansion of the hexagonal lattice.  This lattice expansion can be observed in the 
WAXS diffraction pattern, as the temperature increases the peak moves to larger spacing 
until it reaches a maximum of approx 4.3 Å (fig. 4.18).   
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Fig. 4.18 WAXS data for BBSM showing the shift in peak position with temperature indicating lateral 
expansion of the gel lattice.  
 
The lateral expansion observed prior to melting allows more water molecules access to 
the headgroup area in a fully hydrated system.  It has been shown in many studies that 
headgroups in the fluid phase are more hydrated than in a gel 91.  It is unlikely that this 
change occurs rapidly after the main transition, 1H NMR studies show that headgroups 
begin to exhibit rapid motion 5°C before the melting of the acyl chains 92.  The gradual 
expansion of the gel lattice before melting results in increased hydration of the headgroup 
as it approaches the main transition.   
We propose that the increased access to the lipid headgroup by water results in more H-
bonding to the O atoms of the phosphate group.  As water molecules bond to the O atoms 
of the head group, the efficiency of the heteronuclear dipolar interaction is increased and 
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hence the T2 decreases.  This will lead to the observed broader lineshape in the 31P MAS 
NMR spectrum.  Above the Tm the fast molecular motion masks any linebroadening due 
to H-bonding to water. 
The propensity of each lipid to H-bond may also affect the linewidth change seen.  SMs 
have both H-bond acceptors and donors (the carbonyl groups and the -OH and -NH 
groups respectively) in the interfacial region, while PCs only have H-bond acceptors (the 
carbonyl groups).  It can be seen from fig. 4.17 that there is a larger linewidth increase in 
BBSM than PC, perhaps owing to SMs increased ability to H-bond.  PE shows the largest 
linewidth increase of all the lipids measure and its ability to form strong hydrogen 
bonded networks has been widely reported in the literature 93, 94. 
Although the extent of hydration and hydrogen bonding is very difficult to observe 
directly, a number of methods provide evidence to support our explanation.  As shown 
previously, the WAXS data shows a lateral expansion of the lattice in the gel phase (fig. 
4.17).  Various IR studies also show a change in hydration via the stretching vibration of 
the carbonyl group 95. 
 
4.3.2 X-ray diffraction 
 WAXS  
As with the 31P static NMR data, the WAXS diffraction patterns show a gel phase for all 
three SM extracts below their respective Tm and a fluid phase above this temperature (fig. 
4.7).  For all the extracts, the diffraction peak above the main transition is broad and 
centred on 4.6 Å, characteristic of the fluid lamellar phase.   
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At 5 °C all three extracts exhibit relatively broad gel diffraction peaks centred on 4.2 Å.  
This indicates that, although the samples are in a gel phase below the Tm, this may not be 
the flat Lβ phase.   
The MSM WAXS data acquired at 5 and 20 °C show an interesting change in peak shape.  
The peak at 5 °C is significantly broader than that at the higher temperature suggesting a 
change in the chain packing within the gel phase.  Broader WAXS diffraction peaks are 
often associated with tilted gel phases as the tilt of the chains disrupts the regular 
hexagonal packing characteristic of the gel phase 96.  It is likely that at 5 °C the gel phase 
is the tilted Lβ’ and the reduction in the WAXS linewidth at 20 °C suggests a reduction in 
tilt angle as the Tm is approached. 
The peaks for BBSM and EYSM are also centred on 4.2 Å and are also relatively broad. 
This indicates that these samples may again not be in the flat Lβ phase.  The 31P static 
NMR data confirms that the samples are in a lamellar phase (fig. 4.4) so analysis of the 
SAXS data is necessary to determine the structure of the gel phase. 
 
SAXS 
The SAXS data for MSM show only evenly spaced diffraction peaks in the data from 
both beamlines.  This confirms that the sample is in a lamellar phase at all temperatures 
and pressures investigated.  The main transition is observed at ~30-35 °C from the DSC 
and this correlates with a sharp change in the d-spacing in the atmospheric pressure 
SAXS data.  In the data acquired by increasing pressure at 53 °C, there is an increase in 
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the d-spacing within the gel phase from 72 to 75 Å followed by a decrease as the sample 
melts into the fluid phase (62 Å) at 1000 bar. 
The pretransition swelling observed here has not been reported previously for MSM, 
however other lipids are known to exhibit a gel pretransition before melting.  DPPC for 
example goes through a ripple gel phase prior to its Tm97.  From the appearance of the 
SAXS data the pretransition in MSM does not appear to be a ripple phase as it shows 
only evenly spaced diffraction peaks.   
The WAXS data described above show a change in the width of the wide angle 
diffraction peak between 5 and 20 °C and was attributed to a possible reduction in tilt 
angle.  The SAXS data also support the idea of a change in tilt angle within the gel phase 
as the melting temperature is approached.  As the temperature increases, the d-spacing of 
the gel phase increases and this supports the notion of the gel phase untilting as 
perpendicular chains would give a larger bilayer thickness and hence be likely to give a 
larger d-spacing than tilted ones. 
Previous studies on MSM have reported a d-spacing of 63 Å for the gel phase 98, 99. This 
is much lower than the value of 72 Å reported here at the same temperature and is closer 
to the value which we observed for the fluid phase.   
At temperatures above their main transition BBSM and EYSM also show sharp, evenly 
spaced lamellar peaks, however below the transition the diffraction patterns are more 
complicated.  The diffraction pattern from the BBSM gel phase was resolved with 
pressure to reveal a series of peaks which can be indexed as a ripple phase (Pβ’) as shown 
below (fig. 4.19.).  One peak could not be assigned to the ripple phase and will be 
discussed further below. 
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The diffraction peaks were only resolved when the ripple phase was formed at high 
temperatures by pressurising the Lα phase.  At temperatures below the Tm, increasing the 
pressure did not result in a sharpening of the diffraction peaks (fig. 4.15).  This indicates 
that the structure of the ripple phase is relatively insensitive to pressure. 
 
Lβ
 
Fig. 4.19 Assignment of the ripple diffraction peaks for BBSM at 62 °C and 1 kbar.  One peak couldn’t be 
indexed to the ripple phase and was assigned Lβ.  
The peak which could not be indexed to the ripple phase can be attributed to a flat 
lamellar gel diffraction peak.  It is visible at all temperatures and pressures in which the 
sample is in the gel phase indicating that below its Tm, BBSM forms coexisting flat and 
rippled gel structures.  Owing to the presence of the ripple phase, which gives a broad 
WAXS diffraction peak, it is not possible to say whether the flat Lβ phase is tilted or not. 
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 The ripple phase parameters a, b and γ were calculated from diffraction patterns using 
the method described in chapter 3.  The pressure dependence of a, b and gamma at 
different temperatures are shown in figure 4.21 below.  Given that the slope, dp/dT, of 
the gel-fluid phase transition has a constant value of 23 °C kbar-1 according to the 
equilibrium phase diagram (fig. 4.27), elevated pressures can be equated to an equivalent 
reduction in temperature at atmospheric pressure i.e. the mesophase structure at elevated 
pressure is expected to be very similar that found at atmospheric pressure but at reduced 
temperature. 
To convert pressure to ‘adjusted temperature’ the acquisition temperature is reduced by 
23 °C kbar-1.  While this may seem an unnecessarily complicated approach, by reducing 
the number of independent variables from two (pressure and temperature) to one 
(adjusted temperature) it allows direct comparison of structural data acquired at different 
temperatures and pressures.  Indeed figure 4.20 shows that the variation of all three ripple 
phase structural parameters in response to pressure is almost identical when pressure is 
converted to adjusted temperature.  This verifies, in this case, the equivalence of 
temperature and pressure variation as thermodynamic triggers for phase transformation. 
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Fig. 4.20 Variation of ripple lattice parameters a (top), b (middle) and γ (bottom) with pressure, adjusted to 
give relative temperature according to the slope of the melting transiton (23°C kbar-1).   
 
The interlamellar distance, a, is 89 Å at high pressure (equivalent to very low 
temperature) but increases to ~92 Å between 0 and 30 °C.  This change in spacing may 
be due to frozen water melting once the temperature exceeds 0 °C and an associated 
change in hydration or possibly an increase in chain interdigitation as reported in DPPC 
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under high pressure 100.  Between 30 and 35 °C the spacing also decreases slightly to 89 
Å as the lipid begins to melt and there is a decrease in the chain order. 
The ripple repeat distance, b, remains relatively constant (~126 Å) at all temperatures up 
to ~30 °C.  This temperature relates to the onset of melting and at this point the ripple 
spacing increases, until it reaches a maximum of ~210 Å (note that although there 
appears to be a jump in the ripple period from ~126 to ~175 Å this is actually due to the 
01 peak disappearing as it passes through a node in the x-ray form factor envelope).  The 
spacing may increase beyond this value however the beamline was not configured to 
resolve larger repeat spacing.  The trend observed shows how, as the system approaches 
its Tm, the ripple is “stretched out” until it eventually becomes a flat bilayer (fig. 4.21). 
 
 
Fig. 4.21 Gradual loss of the ripple via a stretching out mechanism to create a flat bilayer as temperature 
increases. 
 
This mechanism for the loss or development of the ripple phase is observed in transitions 
brought about by a change in either temperature or pressure.  Upon increasing pressure,  
the (01) peak can be clearly seen to shift to larger reciprocal spacing as the ripple phase 
forms, indicating a decrease in the ripple period until it reaches a stable value.  The peak 
also disappears for some frames as it passes through a node in the X-ray form factor 
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envelope (fig. 4.22).  The temperature dependence of the position of ripple (01) peaks has 
been reported previously for DMPC and 24:0SM 101, 102. 
 
 
Fig. 4.22 Stackplot showing the development of the ripple phase in BBSM at 58 °C between 1 and 3000 
bar. Inset - expansion of small angle region.  The (01) peak is initially observed at ~0.005 Å-1 and then 
moves to larger S values as the ripple phase develops.  Note that between 1100 and 1200 bar the peak 
disappears, indicating a node in the X-ray form factor envelope.  
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The angle between a and b, γ, is ~88° at all temperatures up to the onset of melting at 30 
°C when it increases to ~102°.  This change does not appear to be gradual, as with the 
change in b, but rather shows a sharp jump.  (The discontinuity in the change in b is 
actually due to the 01 peak passing through a node in the x-ray form factor envelope and 
not due to a jump in its value).  The change in angle from <90° to >90° also means that 
the direction of the tilt of the lipid molecules changes. 
The diffraction peaks for EYSM did not resolve with pressure so it was not possible to 
calculate the lattice parameters.  Instead, a and b were estimated directly from the 
diffraction pattern, assuming that γ is close to 90° as it was in BBSM.  These values are 
given in table 4.3 below along with those calculated for BBSM. 
 
 BBSM EYSM 
Lamellar repeat, a/Å 92 69 
Ripple repeat, b/Å 125 133 
 
Table 4.3 Lattice parameters a and b in Å for BBSM (calculated) and EYSM (estimated) in the ripple 
phase. 
 
The interlamellar distance, a, is much smaller for EYSM than for BBSM.  EYSM 
contains ~84% 16:0 SM while BBSM contains predominantly 18:0 and 24:1SM (fig. 
4.1), the high proportion of the longer chain component in BBSM may explain the larger 
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spacing.  When compared with the d-spacing for MSM (72 Å and 75 Å in the Lβ’ and Lβ 
phases respectively), which also contains predominantly longer chain SM, the 
interlamellar distance for BBSM seems very large. Ripple phases are usually associated 
with an increase in d-spacing when compared to an unrippled lamellar phase97 and the 
high degree of chain mismatch within MSM may allow for some chain interdigitation. 
A ripple phase for BBSM has previously been observed by freeze fracture electron 
microscopy 75, 80.  To our knowledge this is the first X-ray diffraction data to show a 
ripple in either BBSM or EYSM.  However, ripple phases have been reported in synthetic 
sphingomyelins after observation by freeze fracture microscopy 81 and X-ray diffraction 
101.  
An X-ray diffraction study of synthetic 24:0 SM showed evidence for a ripple phase 
existing between the normal Lβ and Lα phase 101 (fig. 4.23).  In order to resolve the peaks 
the lipid hydration was reduced to ten water molecules per lipid (fig. 4.24).  Under these 
conditions the lipid would be only partially hydrated and so values related to the 
interlamellar distance will not be comparable with those measured here in excess water.  
The lattice parameters for the partially hydrated sample were calculated to be a=66.1 Å, 
b=136.1 Å and γ=101.8°.  
 
 104 
 
 
Fig. 4.23 SAXS data for 24:0SM in excess water taken from Takahashi et al. 101 showing the transition 
from a gel to a ripple phase at ~313 K and then from a ripple to fluid phase at ~318 K. 
 
Fig. 4.24 SAXS data of 24:0SM (10 water molecules per lipid) taken from Takahashi et al. 101.  
Dehydration of the lipid allowed diffraction peaks from the ripple to be resolved.  
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By measuring the position of the (10) diffraction peak in the fully hydrated 24:0SM, the 
value of a can be estimated, assuming that γ remains the same as in the dehydrated 
sample (calculated to be 101.8°).  This gives a value of a=93 Å, which is comparable 
with the value of 91 Å obtained for BBSM in the data presented here. 
A ripple phase in synthetic 24:0 SM was also observed using freeze fracture electron 
microscopy and the same study also reported a ripple phase in 16:0SM 81.  In both these 
cases the ripple was observed as an intermediate between the Lβ and Lα phases. 
A significant difference between the results presented here for BBSM and those for the 
synthetic sphingomyelins is that we observe a ripple phase in BBSM at all temperatures 
and pressures below the main transition, probably in coexistence with a flat Lβ phase (see 
additional peak in fig. 4.19). 
Our X-ray data shows that EYSM exhibits a ripple phase as an intermediate, in 
agreement with freeze fracture microscopy data for 16:0SM81.  As pressure is increased 
the (01) peak of the ripple is seen to disappear and the pattern becomes more like that of a 
flat lamellar gel phase (fig. 4.19).  As EYSM is predominantly composed of 16:0SM 
(~84%), it is reasonable that the natural extract would exhibit similar behaviour to the 
pure synthetic lipid, though in EYSM, the ripple phase is observed over a larger 
temperature range.  This difference is very likely to be due to the remaining 16% of lipids 
in the extract, these include some longer chain SM (20:0, 22:0, 24:0) which may result in 
the ripple phase being more favourable.   
The lamellar spacing of the unrippled gel at high pressure is smaller (57 Å) than the 
spacing for the fluid phase (62 Å) (fig. 4.14).  This is unusual as the gel phases, with the 
chains predominantly in the all trans configuration, would be expected to have a larger 
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bilayer thickness than in the fluid phase.  A similar effect has been reported in DPPC at 
which was attributed to the formation of a pressure induced interdigitated gel phase 100. 
As mentioned above, the SAXS data also show that the ripple phase is relatively 
unresponsive to pressure with the peaks only becoming resolved in BBSM when formed 
after a pressure induced transition from the fluid phase.  The ripple formed in EYSM 
responded even less to pressure and the pattern was never well resolved.  Below 25 °C, 
the EYSM ripple phase no longer converts to the unrippled lamellar gel.  There is no 
change in d-spacing and the (01) peak of the ripple can still be seen even at 2.4 kbar (fig. 
4.26).  This is possibly due to the insensitivity of the phase to the effects of pressure. 
 
 
Fig. 4.26  Stackplots of synchrotron SAXS pressure data for EYSM at 24.4 and 43.3 °C.  At 43.3 °C the 
ripple phase converts to a flat lamellar phase at high pressure but this change does not occur at 24.4 °C.  
Note, the first order diffraction peaks in the fluid phase have been truncated in the data at 43.3 °C in order 
to see the gel phase patterns more clearly. 
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4.4 P-T phase diagrams 
Partial pressure-temperature phase diagrams for the three SM extracts were produced 
from the data acquired.  The phase boundaries were predominantly determined using the 
SAXS pressure cell data acquired at beamline ID02, ESRF.  Data gathered in house were 
used to compare the transition temperatures at atmospheric pressure in order to ensure 
agreement between the different X-ray beamlines. 
The phase boundaries marked on these diagrams are as accurate as the data collected 
would allow however there may be some error in line placement (particularly in the 
gradient) due to the large steps in both pressure and temperature between data points.  
Ideally more data would be acquired to give a more accurate phase diagram however 
these provide a good overview of the differing phase behaviour in the SM extracts. It 
should be noted that, in the case of BBSM and MSM, NMR data also suggests the 
presence of small vesicles at high temperature (section 4.3.1) however this would not be 
revealed by X-ray diffraction. 
 
4.4.1 BBSM 
The phase diagram for BBSM shows a region of phase coexistence (filled squares ( ) in 
fig. 4.27) corresponding to the broad transition in the DSC data (refer to earlier figs. 4.2 
and 4.3).  In agreement with the Clapeyron equation (eq. 4.1), there is a linear change in 
the transition temperature with pressure.  The slope of the gel-fluid transition line is 23 
°Ckbar-1 in good agreement with values reported for other phospholipids, usually 22-25 
°Ckbar-1 for PCs 103.   
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                                                   Eq. 4.1 
where: dP/dT is the slope of the phase boundary  
  ΔH is the latent heat of the transition 
  T is the transition temperature 
  ΔV is the volume change of the transition 
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Fig 4.27 P-T phase diagram for BBSM in excess water between 5-65 °C and 1-3000 bar. The filled squares 
( ) indicate the phase coexistence region while the open squares (□) indicate the region through which the 
ripple period is changing.  This latter region does not represent a separate phase and the grey line does not 
indicate a phase boundary, merely a rearrangement within the ripple phase.   
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The open squares (□) indicate the region through which the ripple period is changing, 
with the grey line indicating the point at which the stable value is reached.  It should be 
noted that this line does not represent a phase boundary. 
 
4.4.1 EYSM 
In this system the ripple phase is an intermediate between the fluid and the flat Lβ phases.  
As described above, the coexistence/melting region observed in the X-ray diffraction data 
is much larger than expected from the DSC trace and the temperature at which the 
transition occurs is lower than expected.  This may be due to inaccuracy in the 
temperature of the X-ray sample cell. 
There is a linear change in the transition temperatures with pressure (~40 °Ckbar-1) in 
accordance with the Clapeyron equation (eq. 4.1), however below 25 °C the Lβ is not 
observed, even at high pressure (fig. 4.28).  This gradient of the phase boundaries is 
much higher than is typically observed for phospholipids (usually close to 25 °Ckbar-1) 
103.  As mentioned above, the limited data points mean that the placement of the phase 
boundaries may not be completely accurate.  The diagram does however give a good 
summary of the phase behaviour of EYSM. 
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Fig 4.28 P-T phase diagram for EYSM in excess water between 5-65 °C and 1-2500 bar.   
 
Below 25 °C, only the ripple phase is observed, this is probably due to the insensitivity of 
the ripple to pressure when it is not formed by pressurisation of the fluid Lα phase.  A 
similar effect was observed in BBSM in which the ripple phase did not resolve with 
pressure at low temperatures, only when formed by crossing the phase boundary from the 
Lα. 
This presents a difficulty in drawing the phase diagram for this lipid as the starting 
conditions may affect the phase observed after a change in pressure or temperature and as 
such, more work is needed to thoroughly investigate the behaviour of this extract.   
With these concerns in mind, it may be more appropriate to construct a more limited 
phase diagram, (fig. 4.29).  This diagram shows the phase behaviour of EYSM between 
25-65 °C and 1-3000 bar. 
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Fig. 4.29 Partial P-T phase diagram for EYSM in excess water from 25-65 °C and 1-2600 bar.  
 
4.4.3 MSM 
At high temperature and low pressure MSM exists in the Lα phase, as shown by the SAXS 
and static 31P NMR data.  Upon increasing pressure it moves through a coexistence 
region (marked by filled squares) into a gel phase (fig. 4.30).  This initial gel phase has 
been assigned Lβ as described above based on the shape of the diffraction peak in the 
WAXS data.  The Lβ phase then relaxes into a second gel phase, Lβ’, with a lower d-
spacing and broader WAXS diffraction peak suggesting an increase in tilt angle.  This 
change is marked by the open squares in the phase diagram.  The grey line indicates the 
point at which the change in d-spacing is complete, this is not necessarily a phase 
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transition though it may represent a second order transition (while the melting transition 
is first order).   
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Fig. 4.30 P-T phase diagram for MSM in excess water between 5-65 °C and 1-2500 bar.  The filled squares 
( ) indicate the Lα-Lβ coexistence region.  The open squares (□) indicate the region through which the Lβ 
converts to Lβ’ with the grey line indicating the point at which this is complete.  This line does not 
necessarily represent a phase boundary though it may represent a second order transition. 
 
The transition temperatures (Lα-Lβ, Lβ-Lβ’) vary linearly with pressure (~30 °Ckbar-1), 
again in agreement with the Clapeyron equation (eq. 4.1).  This value is slightly higher 
than for most lipids (~22-25 °Ckbar-1) 103, this may be due to slight inaccuracy in the line 
placement however a value of 28.5 °Ckbar-1 has been reported for DMPC 104. 
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4.5 Conclusions 
Despite their structural similarities, the pressure – temperature phase behaviour of the 
three SM extracts studied is very different.  We have presented the first X-ray diffraction 
evidence for a ripple phase in BBSM and EYSM.  NMR data also shows evidence for the 
formation of small vesicles in BBSM and MSM at high temperature, probably due to the 
long chain lipids present in these extracts.  
The difference in the extracts’ behaviour can be attributed to their different chain 
compositions.  EYSM is predominantly composed of 16:0 SM and behaves in a similar 
way to its closest related PC based lipid, DPPC, both exhibiting a ripple gel phase as an 
intermediate phase between the unrippled lamellar gel and the fluid lamellar phase.  
BBSM is more heterogeneous, containing predominantly two SM chain lengths, 18:0 and 
24:1.  Below the Tm, this exhibits a ripple gel phase at all temperatures and pressures 
studied.  In the fluid phase, small vesicles are likely to form due to the difficulty in 
packing 24:1 SM in this structure.  
MSM is the most heterogeneous mixture of all the extracts, containing a mixture of 
longer chain SMs.  This does not exhibit a ripple gel phase as BBSM does but a tilted gel 
which undergoes an untilting pretransition before melting.  In a similar way to BBSM it 
also appears to form some small vesicles in the fluid phase, which can again be attributed 
to the presence of the longer chain SM. 
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Chapter 5: Gel Phase Disruption of 
BBSM by Cholesterol 
5.1 Introduction 
Sphingomyelin (SM) and cholesterol (Chol) are key constituents of the cell membrane 
and have been strongly associated with lipid rafts 6.  The preferential interaction between 
these two components is believed to be a driving factor in raft formation105 and is a 
highly active area of research. 
At sufficiently high concentrations, Chol will drive SM to form the Lo phase however at 
lower concentrations it acts to disrupt the gel phase 106.  From the study of the phase 
behaviour of different SM extracts, it was found that BBSM and EYSM formed rippled 
gel phases rather than the flat Lβ phase (see Chapter 4).  This presents an interesting 
model for study as the effects of Chol on the disruption of the gel lattice and the effect on 
the ripple can be investigated.  BBSM was chosen over EYSM as the diffraction peaks of 
the ripple phase were more sharply resolved, allowing analysis to be carried out more 
effectively.  
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The work presented in this chapter employs x-ray diffraction and solid-state NMR 
techniques to study the effects of low concentrations of Chol (up to 15mol%) on the gel 
phase of BBSM. 
 
5.2 Results 
5.2.1 SAXS 
SAXS data were acquired on beamline ID02 at the ESRF, Grenoble at 15°C (± 2°) (fig. 
5.1).   
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Fig. 5.1 SAXS data for BBSM with 0, 5, 10 and 15mol% Chol at 15°C and in excess H2O.  At 0mol% Chol 
the characteristic pattern of the ripple phase is seen, while the samples containing Chol show much sharper 
peaks.  The inset shows the (01) peak of the ripple is visible up to 10mol% Chol confirming the presence of 
the ripple up to this concentration.   The intensity around 0.002 Å-1 is due to scattering around the back 
stop. 
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At 0 mol% Chol the characteristic peaks of the ripple phase can be resolved (fig. 5.1).  At 
5 mol% Chol, many of the ripple peaks can no longer be distinguished and the peaks 
above 0.01 Å-1 resemble a broadened lamellar diffraction pattern. The (01) peak of the 
ripple is still visible, though at a much smaller reciprocal spacing (~0.004 Å-1) (fig. 5.1 
inset).  At 10 mol% Chol the characteristic lamellar peaks are much sharper and there are 
no additional peaks due to rippling of the bilayer.  However, the presence of the (01) peak 
at ~0.003 Å-1 confirms that there is still some ripple structure.  At 15 mol% only two 
evenly spaced lamellar diffraction peaks are visible indicating that the ripple phase has 
been removed at this Chol content.   
The data show that all the peaks sharpen as the Chol content increases and also display a 
change in bilayer spacing (fig. 5.2).  Initially there is a decrease in the d-spacing upon 
going from 0-5 mol% Chol, then an increase in d-spacing at 10 mol% followed by a 
decrease again at 15 mol%. 
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Fig. 5.2 a. Change in d-spacing (top) and 5.4 b linewidth (FWHM) (bottom) of the BBSM SAXS peak with 
Chol concentration. 
A Gaussian function was fit to the SAXS data in order to approximate the reduction in 
linewidth associated with the increase in Chol content (fig. 5.2).  As the ripple phase 
diffraction pattern has a number of overlapping peaks around the (10) peak, the fitting 
 118
does not accurately measure the linewidth decrease in this peak but instead represents the 
gradual conversion from the ripple phase to the unrippled lamellar phase. 
 
5.2.2 WAXS 
WAXS data were acquired using the SOL camera for the same samples as described 
above in section 5.2.1.  The peak of interest is that around 0.23 Å-1, the other features are 
due to the teflon (*) and mylar (+) of the sample holder (fig. 5.3). 
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Fig 5.3 WAXS data for BBSM samples with 0, 5, 10 and 15 mol% Chol in excess water at 5 °C.  The peak 
of interest is at ~0.23 Å-1, the others are due to the teflon (*) and mylar (+) of the sample holder.  
It can be seen that the peak both broadens and shifts to a lower reciprocal spacing,i.e.a 
larger real spacing, as Chol content increases.  Fitting a Gaussian function to the WAXS 
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diffraction peak shows the increase in linewidth more clearly (fig. 5.4a).  The change in 
peak position is also shown (fig. 5.4b). 
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Fig. 5.4a (top) Linewidth of the BBSM WAXS peak with Chol concentration. 5.4b (below) position of the 
BBSM WAXS peak with Chol concentration. 
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5.2.3 31P static NMR 
The 31P static NMR data were acquired for BBSM with 0, 5, 10 and 15 mol% Chol at 5 
°C intervals between 5-60 °C. 
  
Fig. 5.5 31P static NMR spectra of BBSM with 0, 5, 10 and 15 mol% Chol in excess water from 5-60 °C.  
 
In the pure BBSM 31P NMR spectra (fig. 5.5 far left) the transition from the gel to the 
fluid phase is shown by a sharpening of the CSA pattern at around 35 °C.  A broad 
isotropic component also develops as the temperature is increased. 
The spectra of the samples containing Chol show a decrease in the width of the CSA 
pattern at low temperature as Chol content increases.  Above the Tm, the isotropic 
component is greatly reduced in the 5 and 10 mol% Chol samples and no longer visible at 
15 mol%.  There is some distortion of the powder pattern shape at 15 mol% Chol with an 
increase in the size of the parallel component at ~-20 ppm. 
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5.2.4 31P MAS NMR 
The 31P MAS NMR spectra of BBSM with 0, 5, 10 and 15 mol% Chol were recorded at 5 
°C intervals between 5 and 60 °C (fig. 5.6).    
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Fig 5.6 31P MAS NMR spectra of BBSM with 0, 5, 10 and 15 mol% Chol in excess water between 5-60 °C.   
 
The transition from the gel to a fluid phase is shown by the sharp reduction in linewidth 
of the 31P MAS NMR peaks.  In the gel phase, the peaks broaden with increasing Chol 
content.  This is shown more clearly in the figure below (fig. 5.7) which shows the 
FWHM for each sample. 
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Fig 5.7 31P MAS NMR FWHM linewidths for BBSM with 0, 5, 10 and 15 mol% Chol between 5-60 °C. 
 
Fig. 5.7 shows the increase in gel phase linewidth with increasing Chol concentration.  
There is an especially dramatic increase between 10 and 15 mol%.  However, Chol has 
no effect on linewidth in the fluid phase. 
Another interesting feature of the MAS spectra is the increase in linewidth just before the 
main transition.  This is seen most clearly in the 0 mol% sample but is still evident in 
both the 5 and 10 mol% Chol samples.  It does not appear to occur in the sample at 15 
mol% Chol. 
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5.3 Discussion 
5.3.1 X-ray data 
The WAXS data show an increase in linewidth and shift in position of the characteristic 
gel diffraction peak.  The increase in linewidth indicates a loss of in-plane order in the 
bilayer.  In an ideal gel phase, the lipids are arranged in a regular hexagonal lattice which 
gives a relatively sharp diffraction peak.  When Chol is introduced into the system, the 
regular packing is disrupted as it inserts between adjacent lipid chains.  This gives rise to 
a broader diffraction peak indicating a range of inter-lipid distances in the sample. 
The shift in position of the diffraction peak from 4.2 Å to 4.3 Å at 5 °C shows that the 
average distance between adjacent lipid chains is increasing as Chol content increases.  
This again suggests that, by inserting between the lipids, Chol is disrupting the regular 
packing and forcing the lipids further apart. 
Both these results show disruption of the regular packing of the BBSM gel phase as Chol 
content increases.  It is interesting to note that the cross sectional area of Chol, ~37 Å2 107, 
lies between that of a typical lipid (~62 Å2) and a single hydrocarbon chain (~20 Å2) 108, 
109.  This size mismatch means that Chol cannot simply substitute for a whole lipid or 
single chain on a lattice point of the gel phase, hence causing significant disruption to the 
lipid packing. 
The SAXS data show the effect of Chol on the ripple structure of BBSM described in 
chapter 4.  At 0 mol% Chol, peaks characteristic of the ripple phase can be seen, with the 
(01) peak at 0.0075 Å-1 (fig 5.1), but on addition of 5 mol% Chol many of the ripple 
peaks can no longer be distinguished and the pattern bears more resemblance to that of a 
 124
flat lamellar phase.  The (01) peak, corresponding to the ripple period, is still visible but 
significantly shifted to ~0.004 Å-1 indicating that the ripple is still present but that it has a 
much longer repeat distance than in the absence of Chol.  At 10 mol% the diffraction 
peaks appear sharper still, yet the (01) peak remains confirming the presence of the 
ripple.  At 15 mol% there are only two orders of lamellar peaks present indicating that the 
ripple has been removed.  This effect has been observed previously in synthetic saturated 
PC:Chol mixtures.  In this study the ripple phase of the PCs was removed at a Chol 
content of 15 mol% 110. 
The position of the (01) peak changes as the Chol content is increased from 0 to 5 mol%.  
The measured reciprocal spacing decreases as Chol content increases as summarised in 
fig. 5.8.  Note that the actual increase in the ripple period is difficult to evaluate as the 
diffraction patterns are not well enough resolved to assign the peaks needed to calculate 
the ripple parameters using the method described in chapter 3. 
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Fig. 5.8 The change in position of (0,1) peak of the ripple in Å-1 with increasing Chol content. 
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This decrease in reciprocal spacing means that there is an increase in the ripple period, 
this can be viewed as a flattening out of the ripple until, at 15 mol%, no peaks 
corresponding to the ripple are visible and the sample now adopts a flat lamellar structure 
(fig. 5.9).  A similar structural progression was observed during the removal of the ripple 
by changes in pressure, described in the previous chapter, even though the trigger for the 
change is clearly different. 
 
 
Fig. 5.9 Cartoon showing the gradual loss of the ripple to form a flat lamellar phase via a “stretching out” 
mechanism as Chol (represented by black rectangles) content increases. 
 
The lamellar spacing also changes with Chol content.  There is a decrease upon addition 
of 5 mol% Chol, followed by an increase at 10 mol% before decreasing again at 15 mol% 
(fig. 5.2 b).  The initial decrease at 5 mol% can be attributed to the disruption of the gel 
lattice promoting gauche defects in the BBSM acyl chains, resulting in a slight thinning 
of the bilayer.  At 10 mol% Chol the subsequent increase in d-spacing is probably due to 
a change in the lipid packing via an unrippling mechanism and in addition a possible 
change in the tilt angle of the lipids.  At 15 mol% Chol there is another decrease in d-
spacing, this can be attributed to the onset of lateral motion and “fluidisation” of the acyl 
chains as Chol reduces the chain order. 
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5.3.2 NMR 
The static 31P NMR spectra at 5 °C show a reduction in the CSA linewidth as Chol 
content increases (fig. 5.5).  This indicates that there is an increase in molecular motion 
resulting in increased molecular averaging and hence a narrower powder pattern. 
This increased motion provides more evidence of the formation of a disrupted gel phase.  
As Chol inserts between lipids and disrupts the regular packing, the headgroup hydrogen-
bonding network may be broken up, creating more free volume and allowing increased 
rotation.  This is supported by the WAXS data which show an increase in the average 
separation of the lipids as Chol content increases.  
It is also interesting to note that the 31P static NMR spectrum at 15 mol% Chol shows an 
increase in the population of the parallel component of the powder pattern.  Comparing 
the spectra for BBSM and BBSM + 15 mol% Chol, both at 60 °C, this can be seen clearly 
(fig. 5.10).   
0mol%
15mol%
 
Fig. 5.10 Comparison of BBSM and BBSM+ 15 mol% Chol 31P NMR powder patterns at 60 °C.  An 
increase in the parallel (20ppm) component can be seen in the sample containing Chol. 
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Vesicles, and particularly bicelles, are known to align in strong magnetic fields 111, 112.  
This change in shape suggests that the multilamellar vesicles which make up the sample 
have distorted in the magnetic field.  The shape of the powder pattern observed at 15 
mol% Chol is similar to previously simulated powder patterns and corresponds to a 
vesicle which has oblated slightly in the field so the height/width ratio is now 0.8-0.9 113.  
Although it is more common for a vesicle to align along the magnetic field, the 
incorporation of Chol into the bilayer may affect the magnetic susceptibility and resulted 
in a more unusual distortion.   
The 31P static NMR data also show an isotropic peak developing in the pure BBSM 
sample upon melting, as discussed previously and attributed to the formation of small 
vesicles of 24:1SM (see chapter 4).  Incorporation of small amounts of Chol (5-10 mol%) 
reduce the intensity of this component (fig. 5.5).  Addition of 15 mol% Chol results in 
formation solely of the fluid lamellar phase.  A similar result was reported previously by 
Cullis and Hope upon addition of equimolar Chol to BBSM 78.   
Similar effects have also been seen upon addition of Chol to lysophosphatidylcholine 
(LPC).  Though LPC preferentially forms micelles in solution, incorporation of Chol 
results in the formation of lamellar phases 114, 115.  This is due to Chol affecting the 
curvature of the bilayer and creating more favourable packing environment, driving 
lamellar phase formation. 
One of the proposed driving forces for 24:1SM to leave the bilayer was the difficulty for 
it to interdigitate into the opposite leaflet in the fluid phase due to the larger chain volume 
(see chapter 4).  As Chol content increases, the chain order parameter of SM in the fluid 
phase increases as Chol extends the acyl chains, making the phase more “gel-like”.  This 
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may allow the 24:1SM to pack more efficiently within the bilayer at high temperatures, 
possibly by increasing the amount of interdigitation in the more ordered Chol containing 
system, reducing the advantages of leaving the bilayer to form small vesicles.  There may 
also be a steric interaction, as Chol causes an increase in the bilayer thickness in the fluid 
phase which may help to incorporate the bulky chain. 
The formation of a disrupted gel phase is further supported by the 31P MAS NMR data.  
These show an increase in linewidth with increasing Chol content at temperatures below 
the main transition (fig. 5.7).  This linewidth increase is likely to be due to the same 
effect as the linewidth increase shortly before the main transition (see discussion chapter 
4).  As Chol inserts between the molecules in the gel phase, there is a lateral expansion of 
the lattice creating more space around the headgroup.  This allows water greater access to 
the headgroup region in the same way as increasing the temperature would.  This results 
in an increase in hydrogen-bonding to the O atoms of the phosphate group and an 
increase in the linewidth in the 31P NMR spectrum. 
The increase in the 31P MAS NMR linewidth observed just before melting in BBSM (see 
chapter 4) is also present in the samples at 5 and 10 mol% Chol but is greatly reduced.  
At 15 mol% Chol the increase is no longer present.  The increase in linewidth in BBSM 
was attributed to the lateral expansion of the lattice upon increasing temperature allowing 
greater access of water to the headgroup, resulting in line broadening due to hydrogen-
bonding. 
As described above, incorporation of Chol into the bilayer results in a lateral expansion 
of the hexagonal lattice.  This allows full hydration of the headgroup long before chain 
melting.  As the temperature increases there will still be expansion of the lattice, allowing 
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more water to surround the headgroup, but the effect is less pronounced in the already 
slightly expanded systems containing Chol.  At 15 mol% the linewidth increase before 
melting is no longer seen, suggesting that the expansion of the lattice has been maximised 
and only a continuous decrease in linewidth occurs.    
This hypothesis allows an explanation of similar data published by Holland et al.  They 
showed that incorporation of DOPC into SM systems (a 1:1 mol ratio) also removed the 
linewidth increase 84.  This could again be due to small amounts of DOPC dissolving in 
the SM enriched gel phase leading to similar disruption effects and an increase in the 
volume of water accessing the headgroup. 
Recently a study investigating the disruption of the EYSM gel phase was published 86.  In 
this work an increase in linewidth prior to melting was observed and was removed upon 
addition of 10 mol% Chol.  The authors did not, however, observe an increase in the 
linewidth in the gel phase in the Chol containing samples, only a continuous decrease in 
linewidth upon increasing temperature.  An older study in EYSM showed similar results, 
with the addition of Chol causing only a reduction in the 31P MAS linewidth at 25 °C in 
the gel phase 29.  As this work only reports results from one temperature in the gel phase 
(25 °C) it is not clear whether they observed an linewidth increase prior to melting in the 
absence of Chol. 
Previous work carried out in this group has studied mixtures of EYSM and Chol and the 
data agree with the results presented here, showing an increase in the linewidth in the gel 
phase as Chol is incorporated 77.  The difference between the observed behaviour in these 
studies may be due to natural variation in the chain composition of the extracts.  Similar 
results to those presented here have also been published for DPPC:Chol mixtures 116. 
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There is also evidence of suppression of the melting point of BBSM by Chol.  This is 
most noticeable at 15mol% Chol where we observe a decrease in the linewidth of the 31P 
static powder pattern at temperatures below the Tm of BBSM (fig. 5.5).  A previous DSC 
study of 16:0 SM:Chol mixtures showed a reduction in the melting temperature, and also 
a reduction in the transition enthalpy, as Chol content increased to 25 mol% 117. 
 
5.4 Conclusions 
Both the x-ray and NMR data show that small amounts of Chol act to disrupt the BBSM 
gel phase bilayer.  The data show that Chol has two key effects, it causes loss of the gel’s 
regular hexagonal packing and an increase in molecular motion. 
The WAXS data provide evidence for the loss of regular packing by both the shift in 
position and the broadening of the peak.  This is reinforced by the 31P MAS NMR data in 
which the increase in linewidth in the gel phase can be attributed a greater volume of 
water being able to access the headgroup in the disrupted gel leading to increased 
hydrogen-bonding.  The hydrogen bonding, between the O-atoms in the phosphate group 
and water, increases the effectiveness of T2 relaxation and hence increases the linewidth 
of the 31P MAS NMR peak. 
The static 31P NMR data gives an insight into molecular motion and adds further support 
to the formation of a disrupted gel.  The reduction in linewidth observed results from an 
increase in molecular motion, probably resulting from the increased distance between 
molecules in the disrupted phase. 
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The SAXS data shows how addition of Chol removes the ripple seen in pure BBSM 
systems.  At Chol contents of up to 10mol% the ripple phase is still present, though with 
a much longer ripple repeat distance than the pure BBSM sample.  At 15 mol% the ripple 
has been removed and the sample is now in a flat lamellar phase.  
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Chapter 6: Kinetic studies of lamellar 
transitions in sphingomyelin systems 
6.1 Introduction  
As shown in chapter 4, each of the sphingomyelin extracts studied display different gel 
structures below the main phase transition.  BBSM and EYSM form a ripple phase at low 
temperatures (which in the case of EYSM converts to a flat gel phase at high temperature 
and pressure) while MSM forms a flat Lβ’ phase.  Using time resolved synchrotron 
pressure jump experiments, the kinetics of the different lamellar transitions have been 
studied. 
Previously both temperature and pressure jumps have been used to investigate phase 
kinetics, however the use of pressure has several advantages.  Firstly it is much more 
quickly and evenly applied to the entire sample than temperature.  It is also non-
destructive and is bi-directional, allowing analysis of both the forward and back 
transition.  
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In order to investigate the kinetics of the phase transitions it was necessary to perform a 
number of jumps of different amplitudes and at different temperatures.  The transitions 
were studied by jumps in both directions in order to compare any difference in the rates 
of the forward and back transitions.  Due to its better resolved diffraction pattern, BBSM 
was chosen over EYSM for study of the ripple phase transitions. 
 
6.2 Results and Analysis 
6.2.1 BBSM pressure jumps 
The P-T phase diagram of BBSM was found in chapter 4 and showed a Pβ’ –Lα transition.  
A number of pressure jumps were performed at different temperatures and of different 
amplitudes, these are shown on the phase diagrams below (fig. 6.1) and summarised in 
table 6.1.  Stackplots of selected pressure jumps are shown below as examples however 
all the pressure jump data are included in the appendix. 
 
 Pβ’ - Lα Lα- Pβ’ 
Temperature/°C Start pressure/bar End pressure/bar Start pressure/bar End pressure/bar 
57.6 1600 
700 
520 
470 
330 
400 
200 
1450 
1210 
940 
810 
52.9 1600 
680 
540 
520 
370 
200 
1500 
1250 
950 
810 
48 1600 
690 
540 
460 
380 
200 
1500 
1220 
950 
810 
 
Table 6.1 Pressure jumps performed on BBSM. 
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Fig.6.1 Partial P-T phase diagrams for BBSM showing the pressure jumps performed in both jump 
directions. 
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Pressure jumps from fluid to gel 
57.6 °C 
At 57.6 °C four pressure jumps were performed from the fluid phase at 200 bar to a range 
of higher pressures.  The jumps to 810 and 940 bar ended in the coexistence region, while 
those to 1210 and 1410 bar ended in the gel phase.  The jumps into the gel phase show a 
gradual development of the ripple, with the (01) peak moving in from very long spacing, 
until the resolved pattern forms (fig. 6.2). 
 
 
Fig. 6.2 Stackplot of pressure jump from 200-1450 bar at 57.6 °C in BBSM.  The first 3 images are taken 
before the pressure jump.  The (01) peak of the ripple can be seen moving out from the beam stop to larger 
reciprocal spacing as the ripple phase is formed. 
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The change in position of the ripple (10) peak was tracked with time for each of the 
jumps performed (fig. 6.3). 
 
0 10 20 30 40 50 60
70
72
74
76
78
80
82
84
86
88
90
92
94
 200 to 1450
 200 to 1210
 200 to 940
 200 to 810
d-
sp
ac
in
g/
A
time/s
 
Fig. 6.3 Change in lamellar d-spacing with time during pressure jumps at 57.6 °C in BBSM.  The 
transitions resulting from the two smallest jumps ended in the coexistence region. 
The change in the lamellar spacing is complete by ~5 and 10 s for the two jumps ending 
in the gel phase (jumping to 1450 and 1210 bar respectively). 
 
52.9 °C 
At 52.9 °C four pressure jumps were performed from 200 bar (in the fluid phase) to a 
range of pressures within the gel phase. 
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Fig. 6.4 Stackplot of pressure jump from 200-1450 bar at 52.9 °C in BBSM.  The first 3 images are taken 
before the pressure jump. 
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Fig. 6.5 The change in lamellar d-spacing of BBSM with time during pressure jumps at 52.9 °C. 
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The change in lamellar spacing for these jumps, all of which end in the gel phase, is 
complete in 3-8 s for each of the jumps with the largest jump resulting in the faster 
transition. 
 
48 °C 
At 48 °C four pressure jumps were performed from 200 bar to a range of pressures within 
the gel phase.  At this temperature, 200 bar lies very close to or within the coexistence 
region (fig. 6.1).  All the jumps ended within the gel phase and the transitions occur very 
rapidly, the two largest jumps (to 1220 and 1550 bar) appear to be complete within the 
time taken for the pressure jump to occur (fig. 6.6). 
 
 
Fig. 6.6  Stackplot of pressure jump from 200-1550 bar at 48 °C in BBSM.  The first 3 images are taken 
before the pressure jump, there is little change in the patterns after the jump indicating that the transition is 
complete within the first frame following the jump. 
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As with the other jumps the peak position was tracked (either using AXCESS or 
manually) and plotted against time (fig. 6.7).   
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Fig. 6.7 Change in lamellar d-spacing with time during pressure jumps at 48 °C in BBSM. 
 
The largest two jumps show little change in d-spacing after the first frame following the 
pressure jump indicating that the transitions are complete within 0.2 s (the time between 
the jump and the first image following it). 
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Pressure jumps from gel to fluid 
57.6 °C 
At 57.6 °C pressure jumps were performed from 1600 bar in the gel phase to a range of 
pressures.  All these jumps ended in the fluid phase except the one to 700 bar which ends 
in the coexistence region.  This latter jump, although not completing the transition into 
the fluid phase, shows the loss of the ripple phase by the gradual movement of the (01) 
diffraction peak to longer spacings (fig. 6.8) 
 
 
Fig. 6.8 Stackplot of pressure jump from 1600-700 bar at 57.6 °C in BBSM.  The first 3 images are taken 
before the pressure jump.  Although this jump ends in the phase coexistence region it clearly shows the loss 
of the ripple phase in the first 9-10 frames after the jump by the change in spacing and eventual loss of the 
(1,0) diffraction peak  (~0.005 Å-1). 
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The jumps to the fluid phase show an immediate loss of the (01) peak of the ripple 
(within the time taken for the pressure jump to occur) followed by a slower change in the 
lamellar spacing (fig. 6.9).  All the transitions are complete within 10 s with the fastest 
complete in less than 5 s (fig. 6.10). 
 
 
Fig. 6.9 Stackplot of pressure jump from 1600-520 bar at 57.6 °C in BBSM.  The first 3 images are taken 
before the pressure jump.  Following the jump, the ripple is lost immediately while the change in d-spacing 
is slower. 
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Fig. 6.10 The change in lamellar d-spacing of BBSM with time during pressure jumps at 52.9 °C. 
 
52.9 °C and 48 °C 
All the pressure jumps performed at these temperatures ended in the coexistence region 
and so could not be used for analysis of the rate of the transition 
 
 
 
 
 
 
143 
6.2.2 MSM pressure jumps 
The P-T phase diagram of MSM was found in chapter 4 and showed an Lβ’ –Lα transition 
via an Lβ intermediate.  A number of pressure jumps were performed at different 
temperatures and of different amplitudes, these are shown on the phase diagrams below 
(fig. 6.11) and summarised in table 6.2.   
 
 
 Lβ’ - Lα Lα- Lβ’ 
Temperature/°C Start pressure/bar End pressure/bar Start pressure/bar End pressure/bar 
57.7 1600 
210 
390 
470 
550 
620 
700 
200 
400 
750 
400 
400 
400 
1550 
1550 
1520 
1000 
1300 
1150 
52.7 1600 
700 
550 
310 
194 
400 
1550 
1280 
1024 
880 
48 1600 
700 
550 
470 
280 
440 
200 
1550 
1220 
950 
820 
 
Table 6.2 Pressure jumps performed on MSM. 
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Fig. 6.11 Partial P-T phase diagrams of MSM showing the pressure jumps performed in both directions.   
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Pressure jumps from fluid to gel  
57.7 °C 
At 57.7 °C four jumps were performed from the Lα phase at 400 bar to a range of 
pressures in the gel phase.  An additional two jumps were performed from 200 and 750 
bar to 1550 and 1520 bar respectively.  The largest four jumps (to 1550, 1550, 1520 and 
1300 bar) ended in the Lβ’ phase while the two smaller ones (to 1150 and 1000 bar) 
ended in the Lβ phase.  The change in position of the peaks was measured against time 
(fig. 6.12).  
 
 
Fig. 6.12 Stackplot of pressure jump from 400-1550 bar at 57.7 °C in MSM.  The first 3 images are taken 
before the pressure jump.  
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Fig. 6.13 Evolution of the lamellar d-spacing with time following pressure jumps in the fluid-gel direction 
in MSM at 57.7 °C.  Any ‘bumps’ in the plots are due to difficulty in AXcess automatically tracking broad 
peaks. 
 
All the jumps show the development of the L β phase and, in the case of the larger jumps, 
the subsequent conversion to the L β’ phase.  The two jumps to 1550 bar progress in the 
same way indicating that these transitions proceed at a similar rate despite the different 
starting points (fig. 6.13).   
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52.7 °C 
At 52.7 °C four jumps were performed from 400 bar to a range of pressures within the 
gel phase.  The two largest jumps (to 1550 and 1280 bar) ended in the Lβ’ phase while the 
two smaller ones (to 1024 and 880 bar) ended in the Lβ phase. 
 
 
Fig.6.14 Stackplot of pressure jump from 400-1280 bar at 52.7 °C in MSM.  The first 3 images are taken 
before the pressure jump.  
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Fig. 6.15 Evolution of the lamellar d-spacing with time following pressure jumps in the fluid-gel direction 
in MSM at 52.7 °C.  Any ‘bumps’ in the plots are due to difficulty in AXcess automatically tracking broad 
peaks. 
The two largest jumps, ending in the Lβ’ phase, do not show the gradual development of 
the intermediate Lβ instead this is formed within the first time taken for the jump to occur 
(5ms) (fig. 6.15).   
 
48 °C 
At 48 °C four jumps were performed from 400 bar to a range of pressures within the gel 
phase.  The largest two jumps (to 1550 and 1220 bar) ended in the Lβ’ phase while the 
two smaller ones (to 950 and 820 bar) ended in the Lβ phase. 
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Fig. 6.16 Stackplot of pressure jump from 200-1220 bar at 48 °C in MSM.  The first 3 images are taken 
before the pressure jump.  
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Fig. 6.17 Evolution of the lamellar d-spacing with time following pressure jumps in the fluid-gel direction 
in MSM at 48 °C.  Any ‘bumps’ in the plots are due to difficulty in AXcess automatically tracking broad 
peaks. 
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As with the pressure jumps described above at 52.7 °C, the two jumps to the Lβ’ show an 
immediate jump into the Lβ’ phase, again showing that the fluid-gel transition occurs 
within the time taken for the pressure jump to occur (5 ms).  The subsequent conversion 
to the Lβ phase is complete within 10 s (fig. 6.17). 
 
Pressure jumps from gel to fluid 
57.7 °C 
At 57.7 °C pressure jumps were performed from 1600 bar to a range of pressures within 
the fluid phase. 
 
Fig. 6.18 Stackplot of pressure jump from 1600-390 bar at 57.7 °C in MSM.  The first 3 images are taken 
before the pressure jump.  
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Fig. 6.19 Change in lamellar d-spacing of pressure jumps in MSM at 57.7 °C in the gel-fluid direction. 
 
The plot of the change in peak position with time shows that all the transitions were 
complete within ~13 s of the pressure jump (fig. 6.19).  It also shows that the larger the 
jump amplitude, the faster the transition proceeded.  Only the slowest transition (to 700 
bar) shows any sign of the Lβ phase, indicating that this must be passed through before 
the first frame is acquired. 
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52.7 °C 
Four jumps were performed at 52.7 °C from 1600 bar to a range of lower pressures.  The 
largest two jumps (to 310 and 94 bar) ended in the fluid phase, while the smaller two (to 
700 and 550 bar) ended in the coexistence region. 
 
 
Fig.6.20 Stackplot of pressure jump in MSM at 52.7 °C from 1600-194 bar.  The first 3 images are taken 
before the pressure jump. 
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Fig. 6.21 Change in lamellar d-spacing of pressure jumps in MSM at 52.7 °C in the gel-fluid direction. 
 
The two largest jumps (to 310 and 194 bar) proceed very quickly with no sign of the Lβ 
phase intermediate and are both complete around 7-8 s after the jump.  The two smaller 
jumps (to 550 and 700 bar), which end in the coexistence region, show the entire 
transition via the Lβ intermediate gel and are complete after 20-25 s (fig. 6.21). 
 
48 °C 
At 48 °C five jumps were performed from 1600 bar to a range of lower pressures.  Only 
the largest of these jumps ended in the fluid phase, the smallest ended within the Lβ’ 
phase and the remaining three in the coexistence region.  The jump to the fluid phase 
shows the full transition process through the untilted Lβ phase into the fluid (fig. 6.22). 
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Fig. 6.22 Stackplot showing pressure jump from 1600-280 bar in MSM at 48 °C.  The first three images are 
taken before the jump. 
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Fig. 6.23 Change in lamellar d-spacing with time during pressure jumps at 48 °C in MSM.  Only the jump 
to 280 bar ended within the fluid phase. 
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The jump to 280 bar is the only one to end in the fluid phase and is complete within ~20 
s, it shows the entire transition including the intermediate Lβ gel phase (fig. 6.23).  The 
other jumps end either in the coexistence region (440, 470 and 550 bar) or within the gel 
phase itself (700 bar).   
 
6.3 Analysis 
In order to allow some quantification of the rate of the transitions following the pressure 
jumps fits were performed on the experimental data to determine the rates of transition.  
The pressure jumps are described in terms of the jump start and end point (as used 
previously in this work) and also in terms of the “effective jump amplitude”.  This latter 
term refers to the distance jumped beyond the phase boundary and not to the jump 
starting point.                                                                                                                                                        
The relaxation of lamellar d-spacing after a jump has been described by a double 
exponential function of the type shown below 118.  
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  Equation 6.1 
Where d is the lamellar spacing at time x, d0 is the final lamellar spacing, d1 and d2 
are pre-exponential factors and k1 and k2 are the rate constants. 
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From reaction kinetics theory, the rate of conversion of A to B is only dependant upon 
the concentration of A. 
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The transitions studied in this work both involve two structural changes.  In BBSM the 
melting transition is from a rippled gel to a flat Lα (fluid) phase and so involves a both 
change in lamellar spacing and bilayer unrippling (which may affect the bilayer spacing 
via a change in tilt angle or hydraton).  MSM goes through an intermediate gel phase 
between the tilted gel and the fluid phase.  The two processes are likely to have different 
time dependencies and so data from both systems were initially fitted to a double 
exponential function of the form given above (Equation 6.1). 
157 
6.3.1 BBSM 
The pressure jump data were fit to a double exponential as described above.  The first 
process to occur in each jump direction was described by the first exponential and the 
second by the second.  For the chain freezing transition (jumps to higher pressure), k1 
therefore relates to the change in lamellar spacing while k2 relates to the ripple formation 
(and the opposite for jumps in the chain melting transition).   
The results of the fittings are shown below (figs 6.24-6.27) and are summarised in table 
6.3. 
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Fig. 6.24 Double exponential fit of pressure jumps from the fluid to the ripple phase in BBSM at 57.7 °C. 
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Fig.6.25 Double exponential fit of pressure jumps from the fluid to the ripple phase in BBSM at 52.9 °C. 
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Fig.6.26 Double exponential fit of pressure jumps from the fluid to the ripple phase in BBSM at 48 °C. 
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The pressure jumps in the opposite direction, from the ripple to the fluid phase, at 57.7 °C 
were also analysed.  Fitting a double exponential as before gave identical values for both 
k1 and k2 suggesting that the data were best fit by a single exponential (fig. 6.27).  This 
can be explained by looking at the stackplot for this pressure jump (fig. 6.9). 
For the jumps in the ripple-fluid direction, the bilayer ripple is lost first and rapidly.  
From the jump which ends in the coexistence region (1600-700 bar), it can be seen that 
the ripple is lost before the bilayer spacing changes (fig. 6.8).  This means that for these 
jumps only the second process (the change in the lamellar spacing) is observed and hence 
only one exponential is necessary.   
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Fig.6.27 Single exponential fit of pressure jumps from the ripple to the fluid phase in BBSM at 57.7 °C. 
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Temp 
°C 
Pressure 
jump 
bar 
Effective 
pressure 
jump/bar 
d0 d1  k1 d2           k2 
57.7 
200-1450 
200-1210 
200-940 
200-810 
510 
270 
0 
-130 
92.44 ± 0.15 
92.56 ± 0.07 
90.02 ± 0.08 
84.09 ± 0.11 
-9.33 ± 0.23 
-11.86 ± 0.27 
-8.46 ± 0.37 
-6.70 ± 0.42 
1.54 ± 0.07 
1.80 ± 0.08 
2.31 ± 0.16 
2.73 ± 0.24 
-1.55 ± 0.11 
-2.34 ± 0.27 
-6.74 ± 0.38 
-3.82 ± 0.41 
21.65 ± 6.47 
12.14 ± 2.16 
12.73 ± 0.98 
14.75 ± 2.35 
52.9 
200-1500 
200-1250 
200-950 
200-800 
750 
500 
200 
50 
95.31 ± 0.17 
93.93 ± 0.04 
93.93 ± 0.06 
98.00 ± 27.46 
-9.85 ± 1.06 
-5.48 ± 1.50 
-11.76 ± 0.50 
-12.86 ± 0.22 
0.69 ± 0.07 
0.90 ± 0.39 
1.30 ± 0.12 
2.41 ± 0.10 
-1.02 ± 0.13 
-2.57 ± 2.03 
-2.75 ± 0.56 
-7.01 ± 27.28 
20.21 ± 9.23 
2.95 ± 1.26 
7.24 ± 1.48 
241.74 ± 1071 
48 
200-1500 
200-1220 
200-950 
200-810 
950 
670 
400 
260 
96.51 ± 0.07 
94.55 ± 0.10 
90.70 ± 0.09 
92.13 ± 0.07 
-2.51 ± 0.82 
-8.58 ± 174 
-4.50 ± 0.72 
-5.77 ± 0.37 
0.77 ± 0.30 
1.09 ± 4.46 
0.83 ± 0.16 
1.37 ± 0.10 
-0.30 ± 0.17 
6.41 ± 176 
2.34 ± 0.13 
1.07 ± 0.31 
10.23 ± 11.64 
1.09 ± 4.46 
13.72 ± 2.16 
10.39 ± 3.37 
57.7 
1600-520 
1600-470 
1600-400 
1600-330 
10 
60 
130 
200 
74.28 ± 0.04 
73.45 ± 0.04 
73.38 ± 0.04  
73.17 ± 0.04 
- - 
17.29 ± 0.21 
16.37 ± 0.27 
19.67 ± 0.38 
22.30 ± 0.51 
2.95 ± 0.06 
2.19 ± 0.05 
1.55 ± 0.06 
1.22 ± 0.03 
 
Table 6.3 Summary of the fits of the BBSM experimental pressure jump data.  The jumps to higher 
pressure were fit by a double exponential while those to lower pressure were fit by a single exponential. 
The first order rate constants for the evolution of the lamellar peak position with time are 
given by the reciprocal of k1 and k2.  Plotting these as a function of the effective jump 
amplitude showed an increase in rate as the jump size increased for k1 in the fluid-ripple 
jumps and k2 in the ripple-fluid jumps (fig. 6.28).  These rates correspond to the change in 
the lamellar spacing due to chain freezing or melting respectively.  Note that for the 200-
1500 and 200-1220 bar jumps at 48 °C the values obtained for the rates are unlikely to be 
correct.  Both these transitions occur very quickly (fig. 6.7) and the relatively low rates 
calculated are hence probably inaccurate.   The linear fit for this temperature therefore 
excludes those points. 
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Fig. 6.28  The change in rate of the transition in BBSM with effective pressure jump amplitude for jumps to 
higher pressure (1/k1) and for jumps to lower pressure (1/k2).  Both rate constants relate to the main chain 
freezing/melting transition. 
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Plotting 1/k2 for the jumps in the fluid-ripple direction against effective jump amplitude 
does not show the same correlation (fig. 6.29).  This rate constant relates to the second 
process occurring in the fluid-ripple transition, the formation of the ripple structure. 
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Fig. 6.29  The change in rate of the transition in BBSM with effective pressure jump amplitude for jumps to 
lower pressure at 57.7 °C (1/k2).  The rate constant relates to the formation of the ripple structure in the gel 
phase. 
 
In addition to the lamellar repeat distance, the change in the ripple spacing was also 
monitored in order to compare the rates of the two processes.  For this, the change in 
position of the (01) peak of the ripple was measured.   
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In the gel-fluid direction the ripple phase was lost immediately in all jumps ending in the 
fluid phase, there were no peaks related to the ripple observed after the pressure jump.  
This shows that the loss of the bilayer ripple occurs within 0.2 s for these jumps. 
In the opposite direction the ripple phase is observed to develop more slowly.  The jumps 
into the gel phase at 57.7 °C show the development of the ripple phase clearly through 
the change in position of the (01) peak.  This change in peak position was measured as 
the transition progressed for the jumps to 1210 and 1450 bar (fig. 6.30).  The gap in the 
data between ~65-125 Å is due to the peak passing through a node in the form factor 
envelope. 
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Fig. 6.30 Change in position of the (01) peak of the ripple following pressure jumps in BBSM at 57.7 °C in 
the fluid-gel direction. 
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The jumps into the fluid phase at 52.9 °C also show the gradual development of the ripple 
however the (01) peak of the ripple is much less clearly resolved so it was not possible to 
track its change in position as the transition evolved.  Stackplots of the pressure jump 
data show the peaks movement (fig. 6.31). 
 
 
Fig. 6.31 Stackplot images showing the change in position of the ripple (10) peak from the pressure jump 
data at 52.9 °C in the fluid-ripple transition direction a) 200-1500 bar b) 200-1250 bar and c) 200-950 bar. 
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Although the peaks are not resolved well enough to track the changes in the peak position 
the first appearance of the peak and the point at which it reaches its equilibrium value are 
recorded below in table 6.4. 
 
 
Pressure jump/bar First appearance of (01)peak/ s 
(01) peak reaches equilibrium 
value reached / s 
200-1500 0.22 0.91 
200-1250 0.22 2.27 
200-950 2.27 10.39 
 
Table 6.4 Analysis of the change in position of the ripple (01) peak in pressure jumps at 52.9 °C in terms of 
the time after the pressure jump (in seconds) at which the peak first appears and the time at which it reaches 
its equilibrium value. 
The jumps to the ripple phase at 57.7 °C occurred very quickly (fig. 6.7) and were poorly 
resolved so the (10) peak of the ripple was not visible. 
 
6.3.2 MSM 
MSM does not follow a simple gel-fluid transition, as described in chapter 4.  
Approaching the Tm, there is a reduction in the lipid tilt angle in the gel phase to form an 
Lβ intermediate gel phase before melting into the fluid phase.  For the kinetic analysis 
these jumps were fitted to a double exponential (Equation 6.1). 
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 Equation 6.1 
 
Some of the transitions occurred very quickly so that the intermediate gel phase was 
not always observed (as it was passed through before the first image was captured).  
In these cases the data were fit to a single exponential (Equation 6.2). 
0 1
1
exp xd d d
k
⎛ ⎞
−
= + ⎜ ⎟⎝ ⎠
  Equation 6.2 
As with the fitting for BBSM, the first exponential relates to the first process 
occurring during the jump observed.  The results of the data fitting are shown in 
figures 6.32 – 6.37 and summarised in table 6.5. 
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Fig.6.32 Single exponential fit of pressure jumps from the gel to the fluid phase in MSM at 57.7 °C.  
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Fig.6.33 Double exponential fits of pressure jumps from the gel to the fluid phase in MSM at 52.7 °C 
(except the 1600-194 bar jump which is fit to a single exponential). 
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Fig.6.34 Double exponential fit of pressure jumps from the gel to the fluid phase in MSM at 48 °C (except 
the 1600-700 bar jump which is fit to a single exponential).  
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Fig.6.35 Double exponential fit of pressure jumps from the fluid to the gel phase in MSM at 57.7 °C 
(except the 400-1000 jump which is fit to a single exponential).  
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Fig.6.36 Double exponential fit of pressure jumps from the fluid to the gel phase in MSM at 52.7 °C 
(except the 400-1550 jump which is fit to a single exponential).  
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Fig.6.37 Double exponential fit of pressure jumps from the fluid to the gel phase in MSM at 48 °C (except 
the 200-1500 jump which is fit to a single exponential).   
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Temp/ 
°C 
Pressure 
jump/bar 
Effective 
pressure 
jump/bar 
d0 d1 k1 d2 k2 
57.7 
400-1550 
200-1550 
750-1520 
400-1300 
400-1150 
400-1000 
200 
200 
170 
-50 
-200 
-350 
72.68 ± 0.04 
72.58 ± 0.04 
72.60 ± 0.04 
73.24 ± 0.03 
72.41 ± 0.04 
72.24 ± 0.03 
-1.29 ± 0.30 
-11.76 ± 1.12 
-4.23 ± 1.00 
-27.69 ± 210 
-9.24 ± 0.30 
-4.54 ± 0.07 
0.93 ± 0.44 
0.46 ± 0.04 
0.47 ± 0.10 
1.37 ± 1.20 
2.48 ± 0.30 
4.36 ± 0.14 
2.28 ± 0.24 
2.21 ± 0.10 
2.23 ± 0.11 
21.37 ± 211 
4.46 ± 1.78 
- 
6.85 ± 0.86 
8.34 ± 0.74 
7.58 ± 0.69 
1.70 ± 1.71 
6.54 ± 1.33 
- 
52.7 
400-1550 
400-1280 
400-1024 
400-880 
350 
80 
-176 
-320 
72.59 ± 0.02 
72.95 ± 0.02 
73.28 ± 0.02 
72.37 ± 0.21 
- 
-1.03 ± 0.33 
-7.15 ± 0.37 
-5.13 ± 0.10 
- 
0.69 ± 0.32 
0.65 ± 0.04 
2.11 ± 0.10 
3.52 ± 0.07 
2.53 ± 0.12 
1.47 ± 0.10 
1.92 ± 0.13 
2.94 ± 0.11 
6.41 ± 0.41 
6.93 ± 0.72 
30.98 ± 7.78 
48 
200-1500 
200-1220 
200-950 
200-820 
500 
220 
-50 
-180 
72.75 ± 0.01 
73.00 ± 0.02 
73.48 ± 0.02 
73.61 ± 0.51 
- 
-5.13 ± 14.78 
-3.04 ± 0.71 
-7.33 ± 0.51 
- 
0.18 ± 0.18 
0.47 ± 0.10 
0.56 ± 0.04 
3.87 ± 0.08 
3.58 ± 0.11 
2.50 ± 0.07 
2.14 ± 0.07 
2.34 ± 0.07 
3.32 ± 0.13 
7.69 ± 0.41 
8.56 ± 0.56 
57.7 
1600-700 
1600-620 
1600-550 
1600-470 
1600-390 
1600-210 
10 
90 
160 
240 
320 
500 
64.99 ± 0.03 
65.52 ± 0.03 
66.82 ± 0.03 
66.11 ± 0.04 
66.42 ± 0.04 
66.80 ± 0.04 
- - 
6.63 ± 0.32 
8.25 ± 0.28 
8.16 ± 0.23 
8.17 ± 0.20 
7.95 ± 0.17 
6.54 ± 0.08 
4.20 ± 0.12 
2.48 ± 0.09 
2.00 ± 0.07 
1.71 ± 0.07 
1.42 ± 0.06 
1.23 ± 0.32 
52.7 
1600-700 
1600-550 
1600-310 
1600-194 
-75 
75 
315 
431 
70.19 ± 0.03 
68.59 ± 0.02 
66.99 ± 0.02 
66.54 ± 0.01 
-6.89 ± 0.70 
-5.85 ± 0.37 
-10.45 ± 9.54 
- 
1.54 ± 0.17 
1.06 ± 0.11 
0.94 ± 0.31 
- 
7.24 ± 0.79 
9.07 ± 0.47 
15.85 ± 9.88 
7.82 ± 0.11 
5.17 ± 0.36 
4.25 ± 0.15 
1.61 ± 0.24 
1.68 ± 0.03 
48 
1600-700 
1600-550 
1600-470 
1600-440 
1600-280 
-200 
-50 
30 
60 
220 
73.73 ±0.02 
73.87 ± 0.13 
72.44 ± 0.02 
71.54 ± 0.02 
68.91 ± 0.01 
-0.70 ± 0.03 
-28.82 ± 432 
-6.15 ± 0.13 
-8.07 ± 0.53 
-8.12 ± 0.46 
5.81 ± 0.61 
9.29 ± 12. 16 
1.36 ± 0.06 
1.92 ± 0.11 
1.14 ± 0.08 
- 
25.82 ± 432 
5.38 ± 0.13 
8.24 ± 0.57 
11.37 ± 0.56 
- 
11.04 ± 16.28 
8.89 ± 0.28 
5.97 ± 0.25 
3.75 ± 0.11 
 
Table 6.5 Summary of fits to MSM pressure jump data. 
Plotting the rate of the change in d-spacing against effective pressure jump amplitude 
shows that the rate of transition increases with effective jump amplitude for both k1 and 
k2 (fig. 6.38).   
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Fig. 6.38  The change in rate (1/k1 and 1/k2) of the transition in MSM with effective pressure jump 
amplitude for jumps to lower and higher pressure  
In the jumps to higher pressure at 57.7 °C the result for the 400-1300 bar jump is 
anomalously high with a large error (table 6.5).  This suggests that the data for this jump 
was not well fit by the curve and is hence not an accurate representation of the rate. 
 
 
 
 
172 
 6.4 Discussion 
BBSM 
Visual analysis of the evolution of the (10) peak position following a pressure jump 
shows that the transition occurs more rapidly with larger jump amplitudes (figs. 6.3. 6.5, 
6.7, 6.9).  This has been reported previously in a number of studies119, 120 and is observed 
here in both jump directions and all temperatures studied.     
The stacked diffraction plots for transitions from the ripple phase to the fluid at 57.7 °C 
show that the loss of the ripple is very fast and is only observed in the very slowest 
transition (which actually ends in the coexistence region).  In the transitions ending in the 
fluid phase the (01) peak of the ripple phase is not observed in any of the patterns 
following the pressure jump.  This indicates that the unrippling of the bilayer occurs 
within 0.2 s (the first frame following the jump), while the change in the lamellar spacing 
is observed to occur much more slowly, being complete within 15 s. 
For pressure jumps in the opposite direction, from the fluid to the ripple phase, there is a 
rapid change in the lamellar repeat spacing, followed by the slower development of the 
ripple.  At 57.6 °C the jumps to 1210 and 1450 bar show the (01) peak of the ripple phase 
reaching a steady value at ~7 and 20 s respectively (fig. 6.29) while the change in the 
(10) peak position is complete much more rapidly (6 and 11 s).  At 52.9 °C the three 
largest jumps also the slow development of the ripple phase (complete by ~1, 3 and 10 s 
in the jumps to 1500, 1250, 950) however the diffraction pattern is much less well 
resolved, especially for the jump of larger amplitude.  At the lowest temperature, 48 °C, 
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there is very little change in the diffraction patterns after the first few images indicating 
that the transitions are complete very quickly. 
Comparison of the data in each pressure jump direction indicates that formation and loss 
of the ripple phase occur by the same reversible mechanism.    For jumps in the melting 
direction (only analysed at 57.7 °C) the unrippling of the bilayer occurs within 0.2 s, 
while the lamellar repeat distance changes more slowly.  In the opposite direction, the 
change in the lamellar spacing occurs quickly and is followed by the slower development 
of the ripple.  This reversible mechanism for the ripple-fluid transition is summarised 
below (Fig. 6.39). 
 
 
 
Fig. 6.39 Summary of the mechanism of ripple phase formation and loss. 
 
Ripple-fluid direction 
For jumps in the fluid-ripple direction, the change in the (10) peak position fits well to a 
double exponential (eq 6.1).  The two rate constants obtained relate to the two processes 
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occurring in the transition, first the main chain freezing transition and then formation of 
the ripple structure.   
Plotting the reciprocal of the rate constant against jump amplitude for the main chain 
freezing transition gives a linear relationship (fig. 6.28) as observed previously by this 
group for other transitions121.  This confirms that the rate of the main transition increases 
as the jump amplitude increases in agreement with previous results.  
Plotting 1/k2 for the jumps in the fluid-ripple direction (the rate for the formation of the 
ripple) against jump amplitude does not show an increase in the rate with increased jump 
amplitude (fig. 6.29).  Apart from two anomalously high results (200-1250 bar at 52.9 °C 
and 200-1220 bar at 48 °C) the rates are all ~0.1 s-1.  This suggests that the rate of 
reorganisation of the gel phase into the ripple is not dependant upon the jump amplitude, 
at least when it is the second process.  This result however may be due to the poor fitting 
of these rates suggested by the large errors associated with the second exponential 
function (table 6.3).  This poor fit is perhaps due to the ripple formation having only a 
small effect on the change in the lamellar spacing. 
Visual analysis of the change in the ripple (01) peak in the stackplots shows that the 
ripple formation does have a dependence on the jump amplitude, with a larger jump 
amplitude giving faster ripple formation (fig. 6.30).  The low intensity of this peak, 
however, meant that it was very difficult to track its change in position and hence no 
kinetic analysis was performed on it. 
The increased rate of ripple formation with jump amplitude highlights an interesting 
effect.   The loss of resolution of the ripple patterns during the faster jumps seem to 
indicate that the ripple requires time to develop fully.  When developing slowly, in the 
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jumps at 57.7 °C, the diffraction pattern is very sharply resolved however in the lower 
temperature jumps, which proceed more quickly, the pattern is much broader (fig. 6.40). 
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Fig. 6.40 Comparison of the ripple phase diffraction patterns after pressure jumps from the fluid phase.  
The slowest transition (57.7 °C) gives a well resolved pattern as the transition rate increases the pattern 
becomes more poorly resolved. 
The rate of the fluid-ripple transition in BBSM seems to be dependant not only on 
pressure but also on temperature, with the transition proceeding faster at lower 
temperatures.  This result may be expected due to the change in the transition temperature 
with pressure, a jump to 1550 bar at 48 °C would result in a faster transition rate than one 
to 1550 bar at 57 °C as the effective jump (the distance jumped beyond the phase 
boundary) is larger at the lower temperature (see phase diagram fig. 6.1).  Comparing the 
rate of change of the (10) peak position with effective pressure jump amplitude at 
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different temperatures however shows that the fluid-ripple transition occurs faster at 
lower temperatures even when this is taken into account (fig. 6.28).   
For jumps in the opposite direction, from the gel to the fluid phase, only those jumps at 
57.7 °C were analysed.  These data were fit to a single exponential as visual analysis of 
the stackplots showed that the ripple peaks were lost within the first frame and hence 
only the changes due to the chain melting transition would be observed.  As with the 
fluid-ripple direction jumps, plotting the reciprocal of the rate constant against effective 
jump amplitude showed a linear increase (fig. 6.28). 
An assessment of the dependence upon temperature for the jumps in this direction is 
more difficult as only one data set was suitable for analysis.  Assuming the same 
temperature dependence as MSM (see discussion below), the jumps at 57.7 °C will be the 
fastest transitions.  The rates obtained are comparable to the fastest transitions in the 
opposite direction, (as before the linear fit is only applied to the first two points for the 
jump to higher pressure at 48 °C) (fig. 6.41).  
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Fig. 6.41  Comparison of chain melting/freezing transition rates with increasing jump amplitude in BBSM 
in both jump directions.  The linear fit for jumps to higher pressure at 48 °C is only fit to the lowest two 
points. 
Comparing the rates for the chain melting/freezing transition in each direction shows that 
the rates are comparable for the fastest transition.  In the jumps in the gel-fluid direction, 
the chain melting transition occurs second and would therefore be expected to be slower 
than the chain freezing transition in the opposite jump direction (where it is the first 
process to occur).  The fact that the rates are similar, and that in the ripple-fluid jumps the 
ripple is lost within the first frame (0.2 s) suggests that the transition in the ripple-fluid 
direction is faster than the fluid-ripple. 
Most transition rate data reported in the literature, from pressure or temperature jumps, is 
described in terms of the total transition time for the process.  In order to compare the 
results obtained here it is necessary to consider the time taken for the entire process to be 
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completed.  This is estimated from the plots of the change in position of the (10) and (01) 
peaks of the ripple phase and the (10) peak of the fluid phase.  In each jump the time 
taken to complete the entire transition is measured, taking into account both the change in 
lamellar spacing and the development or loss of the ripple.  These times are summarised 
below and only include the jumps which cover the whole transition, those ending in the 
phase coexistence region are ignored (table 6.6 and fig. 6.42). 
 
Temperature Pressure jump/bar Effective pressure jump/bar Transition time/s 
57.7 400-1210 400-1450 
270 
510 
18.7125 
6.8125 
52.7 
200-950 
200-1250 
200-1500 
200 
500 
750 
10.3925 
2.2725 
0.9125 
48 
200-810 
200-950 
200-1220 
200-1500 
260 
400 
670 
950 
3.23229 
2.5825 
0.21537 
0.21537 
57.7 
1600-520 
1600-470 
1600-400 
1600-330 
10 
60 
130 
200 
11.8125 
9.2025 
6.5225 
6.0525 
 
Table 6.6 Total transition time for BBSM following pressure jumps in both the ripple-fluid and fluid-ripple 
direction. 
179 
0
2
4
6
8
10
12
14
16
18
20
0 100 200 300 400 500 600 700 800 900 1000
effective pressure jump/bar
tr
an
si
tio
n 
tim
e/
s 
BBSM fluid-ripple 57C
BBSM fluid-ripple 52.9C
BBSM fluid-ripple 48C
BBSM ripple-fluid 57.7C
 
 
Fig. 6.42 Total transition time for BBSM following pressure jumps in both the ripple-fluid and fluid-ripple 
direction with effective pressure jump amplitude  The linear fits are present to aid the eye rather than as an 
analysis of the trends. 
From the analysis of transition times it can be seen that transitions in the fluid-ripple 
direction occur fastest at 48 °C and reach a limiting value of 0.22 s.  As these transitions 
were complete within the first frame following the pressure jump a pressure system 
capable of faster temporal resolution is needed to assess the transition times more 
accurately.  From the current data we can state that the fluid-ripple transition could be 
complete in ≤0.2 s.  
In the opposite direction only one set of data is available for analysis.  It shows fast 
transition times and from the temperature dependence of the MSM transitions (the gel-
fluid transition occurred fastest at higher temperatures) we would expect these transitions 
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to be the fastest of the three temperatures used here for the ripple-fluid direction.  
Assuming that this is the case, the transition rate does not seem to be affected by the 
transition direction. 
Previous studies have investigated the rate of the ripple-fluid transition in other lipid 
systems.  Caffrey et al. report the first use of a pressure jump to induce the ripple-fluid 
transition in DMPC 104.  They report vary slow transitions which proceed in two stages; 
an initial change in lamellar spacing, which takes 10s in the fluid-ripple direction and 50 
s in the opposite, followed by a gradual change in spacing of approximately 2 Å over the 
next 100 s.   
The resolution of the data did not allow for analysis of the loss or development of the 
bilayer ripple as the (01) peak was not visible.  The transition times reported are longer 
than the majority of those from our data though this is likely to be due to the small 
pressure jump amplitude used in the study (113 bar). 
A laser induced temperature jump study reported a transition time for the ripple-fluid 
transition of 5 ms, with the long and short range changes occurring simultaneously 122.  
The fastest transitions measured here are 0.2 s due to the limits of the detection system.  
The use of a faster system would allow a comparison with the value of 5ms reported. 
A study in DPPC reported transition times of 20 s in the ripple-fluid direction (45 °C, 
410-195 bar) and of 3 s in the opposite direction (45 °C, 205-360 bar) 120. 
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MSM 
As with BBSM, inspection of the evolution of the (10) peak following pressure jumps 
shows that the transition rate increases with increasing jump amplitude.  This is 
confirmed by the rate analysis which shows that the rate constants increase in a linear 
relationship with pressure jump amplitude (fig. 6.38).  This effect is observed at all 
temperatures, for jumps in both directions and for both the gel-gel and gel-fluid 
transitions (apart from the anomalously high result for the jump from 400-1300 bar at 
57.7 °C).   
In addition to this, the data at 57.7 °C show two jumps performed from different starting 
points within the fluid phase (400 and 200 bar) to the same end point within the gel phase 
(1550 bar).  The change in d-spacing observed shows a very similar transition rate for 
both jumps (fig. 6.35 and table 6.4).  This confirms that, as published previously, the rate 
of the transition is not governed by the starting point but by the end point of the pressure 
jump123. 
In jumps in both directions the first process occurs more quickly than the second.  In the 
case of the jumps down in pressure at 57.7 °C, the transition from Lβ to Lβ’ is too fast to 
be observed.  The first process seems to occur at a comparable rate regardless of which 
actual transition is involved.  The rates for the fluid-gel transition in the jumps to higher 
pressure appear to be slightly faster but, given the large error in some values and the 
speed of the gel-gel transition at 57.7 °C described above, it is likely that both transitions 
proceed at a similar rate.  This is possibly because the faster rate makes it more difficult 
to observe and a better comparison may be obtained with faster time-resolved equipment.   
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Comparing the two sets of rates for k2 seems to show that there may be an inherent 
difference in the rate of each type of transition, the gel-fluid or the gel-gel.  Looking at 
the fastest transition in each direction (57 °C in the jumps to lower pressure and 48 °C in 
those to higher), the rates for an effective jump amplitude of 500 bar are ~0.8 s-1 for the 
gel-fluid transition and ~0.4 s-1 for the gel-gel.  This suggests that the gel-gel 
rearrangement occurs more slowly than the gel-fluid melting transition.  This may have 
been observed in the second process to occur, but not in the first, as the inherent slowing 
down of the transition when it is not the first process allows the difference to be seen. 
The pressure jumps also show temperature dependence.  The transitions from the gel to 
the fluid phase are faster at higher temperature, the same trend was observed in the 
ripple-fluid jumps in BBSM, and the jumps in the opposite direction are faster at lower 
temperature (fig. 6.46).  This trend is observed in the rates for both the gel-gel and the 
gel-fluid transitions (in both directions). 
Again in order to compare the rates obtained in this analysis with literature values we 
must look at the time taken for the whole transition to complete.  As with the analysis of 
BBSM above, it should be noted that this analysis is not an accurate measurement but 
simply allows us to compare the results from this system with existing reported values. 
The time at which the transitions were complete was estimated as the point at which the 
peak position reached within 0.2 Å of its final value from the exponential fits of the data.  
In this analysis the entire transition, from the fluid to the Lβ’ and vice versa, including the 
intermediate gel phase is considered.  For this reason only those jumps which end in 
either the Lβ’ or the fluid phase, depending on the jump direction, are included.  The 
results are summarised below (table 6.7).   
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Temperature/°C Jump amplitude/bar Effective jump/bar Transition time/s 
57.7 
200-1550 
400-1550 
750-1520 
200 
200 
170 
18.255 
17.225 
19.285 
52.7 400-1550 400-1280 
350 
80 
8.945 
16.185 
48 200-1500 200-1220 
500 
220 
6.6425 
9.2625 
57.7 
1600-210 
1600-390 
1600-470 
1600-550 
1600-620 
1600-700 
500 
320 
240 
160 
90 
10 
4.805 
5.845 
6.885 
7.915 
9.985 
15.145 
52.7 
1600-194 
1600-310 
1600-550 
431 
315 
75 
6.635 
8.375 
18.255 
48 
1600-280 
1600-440 
1600-470 
220 
60 
30 
18.0025 
24.9925 
30.2325 
Table 6.7 Summary of the transition times for MSM. 
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Fig. 6.43 Transition time for transitions in MSM following pressure jumps.  The linear fits are present to 
aid the eye rather than as an analysis of the trends. 
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The transition times for each of the jumps confirm both the pressure and temperature 
dependence of the rates as discussed above.  This measurement of the transition time also 
allows a direct comparison of the complete forward and back transition.  From fig. 6.43 it 
is clear that, while temperature and pressure both have a large effect on the transition 
rate, the direction of the transition is unimportant; the forward and back transitions occur 
at comparable rates.  This slightly contradicts the rate analysis, which seems to show a 
slightly slower rate for the gel-gel transition (when it occurred as the second process).  
This may simply because, while there may be a difference in rate between the individual 
transitions, the speed of the complete transition is similar in each direction. 
The transition times observed for MSM range from 30-5 s.  No pressure jump studies 
have been performed on MSM previously however the Lβ and Lβ’ – Lα transitions have 
been studied in other systems.  A pressure jump study of the Lβ’ – Lα transition in DHPE 
reported transition times of 37 s in the melting direction and 13s for the reverse 
transition124.  These values are very similar to those reported here however many other 
studies have reported much faster transition times.  
 Temperature jumps (performed either by fluid flow, laser or microwave heating) have 
given transition times of 2 ms-10 s for the Lβ and Lβ’ – Lα transitions in a range of PC and 
PE lipids 125-127. 
The slow transition times measured for DHPE in the pressure jump described above are 
probably due to the small jump amplitude used.  The jumps were performed between 
atmospheric pressure and 96 bar at 68 °C, this temperature is very close to the fluid-gel 
phase boundary so the jumps into the fluid phase were effectively only jumps of a few 
bar.  This explains the difference in times measured for the transition in each direction, 
185 
with the larger jump into the gel phase resulting in a faster transition time (13 s compared 
to 37 s). 
The authors have published a further study on DHPE transitions using larger and faster 
pressure jumps 119.  This study reported a linear decrease in transition time with 
increasing jump amplitude, to a limiting value of ~50 ms, for the Lα-Lβ’ transition.  They 
reported no relationship between the transition time and the jump amplitude for the Lβ’ – 
Lα transition and a transition time of just under 1 s.  The pressure jumps performed in this 
direction, however, all end at the same pressure so have the same effective jump 
amplitude, and hence the transition times were similar.  
The transition times presented here seem much slower than those reported elsewhere.  It 
must be remembered that the transition studied in this work actually involves two 
processes – the gel-gel transition and the main melting transition.  Although a full study 
of the individual transitions was not carried out it can be seen from some of the data that, 
in the largest pressure jumps, the first transition is complete within 0.2 s (eg. fig. 6.17, the 
change in lamellar spacing from the fluid to the Lβ is complete within the first frame and 
the gel then evolves in to the Lβ’).  Although the fastest transition time for the two phase 
transitions together is ~5 s each individual transition can be completed within 0.2 s.  In 
order to quantify this value further a pressure cell capable of micro second resolution is 
necessary. 
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Comparison between BBSM and MSM 
In order to compare the difference in transition rates between MSM and BBSM we can 
examine the chain melting/freezing transition as it is common to both systems.   
In BBSM, the fluid-ripple (freezing) transition was seen to have a transition rate of ~0.6 
s-1 for the slowest transition (at 57 °C, effective jump amplitude 500 bar) while in MSM 
the slowest transition had a rate of ~2 s-1 (at 57 °C, effective jump amplitude 200 bar).    
The fastest rates for this transition (excluding any transitions complete within the first 
frame) in each lipid were ~1.2 s-1 for BBSM (at 48 °C, effective jump amplitude 400 bar) 
and ~5.6 s-1 for MSM (at 48 °C, effective jump amplitude 220 bar).   
These results suggest that the main transition in MSM is faster than in BBSM.  This is 
likely to be due to the additional process occurring in BBSM during the formation or loss 
of the ripple structure 
In the opposite direction, only one set of results was available for the chain melting 
transition in BBSM.  This was at 57.7 °C, expected to be the temperature with the fastest 
transition rates, and gave a rate of ~0.8 s-1 for an effective jump amplitude of 200 bar.  In 
comparison the fastest rate for the chain melting transition in MSM was also ~0.8 s-1 but 
this was for an effective jump amplitude of 500 bar. 
This suggests that the chain melting transition is faster in BBSM than in MSM, the 
opposite result than for the chain freezing transition.  This is probably due to the fact that 
in the gel-fluid direction, the chain melting transition is the second process to occur in 
both lipids.  In BBSM, the loss of the ripple, while being an additional structural change, 
is part of the main transition.  In MSM however, there is an additional phase change into 
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the intermediate gel before the main melting transition occurs.  This may account for the 
slower rates seen in this jump direction for MSM. 
Although the changes within the gel phase are not equivalent in each lipid (ripple in 
BBSM and a change in tilt in MSM) the rates can still be compared.  In the jumps into the 
fluid phase, the fastest jumps in each lipid completed these changes within 0.2 s.  In the 
opposite direction, jumping into the gel phase, the fastest rate in MSM was ~0.4 s-1 for an 
effective jump amplitude of 500 bar.  In BBSM the rates from all the jumps were 
clustered around 0.1 s-1 with no clear dependence on jump amplitude.  This suggests that 
the gel-gel transition in MSM is faster than the ripple formation in BBSM. 
Plotting the total transition time of the fastest transitions in each lipid shows that the 
overall rates are similar for each lipid, though the transitions in BBSM are slightly faster 
(fig. 6.44).  This is again probably due to the fact that the transition in MSM encompasses 
two separate transitions.   
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Fig. 6.44 A comparison of the transition times for the fastest transitions in BBSM and MSM. 
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6.5 Conclusions 
The kinetics of the lamellar transitions are dependent upon temperature, jump amplitude 
and the direction of the transition.  As described previously120 the further beyond the 
phase boundary the jump ends, the faster the transition occurs in both BBSM and MSM.  
In agreement with previous results, the data also show that the starting point of the jump 
does not affect the rate of the transition but that 123. 
In both MSM and BBSM the fluid-gel transition proceeds more quickly at low 
temperatures.  The gel-fluid transition in MSM occurs more rapidly at high temperature 
however in BBSM only jumps performed at 57.7 °C in this direction were suitable for 
analysis.  Given the similar responses to pressure by both lipids and the high rate at 
which the transition occurs in BBSM at 57.7 °C it is likely that the same is true for 
BBSM. 
While the transition rates are dependent on pressure and temperature, they are affected 
less by the transition direction.  The overall time for the complete transition to occur is 
similar in either direction and for both lipids.  However, the data suggests that there may 
be a difference in the rate of the individual transitions involved, the gel-gel transition in 
MSM gives slower rates than the gel-fluid transition (when occurring as the second 
process). 
The main chain freezing transition proceeds faster in MSM than BBSM, possibly due to 
the additional processes occurring in BBSM involving the ripple phase.  The fastest 
processes in each lipid occurred within the first frame (0.2 s) and hence the use of faster 
time-resolved equipment would allow a more thorough analysis of these transition rates. 
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Chapter 7: Summary and Further 
Work 
The work presented here has investigated the phase behaviour of SM from different 
natural sources.  The three extracts studied, BBSM, EYSM and MSM, exhibit very 
different phase behaviour despite their structural similarities.  The first x-ray diffraction 
data showing a ripple phase in BBSM and EYSM were described and the structure 
parameters of the BBSM ripple calculated.  These indicate that BBSM has a much larger 
lamellar repeat distance than previously thought.  
The effect of low levels of Chol on the ripple phase in BBSM was also investigated.  The 
data presented clearly show the stretching out and removal of the ripple until, at 15 mol% 
Chol, only a flat lamellar phase remains.   
Using time resolved x-ray diffraction techniques pressure jump experiments were used to 
compare the kinetics of the ripple-fluid and the Lβ–fluid transitions.   The rate of the 
transitions showed both a pressure and temperature dependence though the overall time 
for the transitions to occur were comparable despite the differences in the gel structure. 
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An interesting extension to this pressure jump work would be to study a lipid which 
undergoes a simple gel-fluid transition, with out the intermediate gel observed in EYSM.  
This would allow a clearer comparison of the ripple-fluid and unrippled gel-fluid 
transitions.  In the absence of the intermediate gel observed in this study, a greater 
difference in the phase transition rates may be observed.  
Some initial work (not included here) was carried out to investigate the kinetics of the Lo-
Lα transition using a 2:1 mol ratio mixture of BBSM and Chol.  Due to difficulties in 
distinguishing the phases using SAXS alone this was not possible however it would be 
interesting to compare this transition with the ones studied here.   
Some initial work was also carried out on a ternary BBSM:DOPC:Chol 1:1:1 system 
(data not included here) in order to perform pressure jumps from the single fluid to 
coexisting fluid regions of the phase diagram.  Again it was not possible to distinguish 
between the phases by SAXS alone.  This 1:1:1 or canonical raft mixture has also been 
reported to cause some difficulty when attempting to observe fluid-fluid immiscibility as 
it lies very close to the phase boundary 128. 
A logical extension of the work presented here would be to investigate the ternary 
systems of the different extracts.  This work has shown that the phase behaviour of the 
individual extracts varies so it could be hypothesised that they would behave differently 
in a ternary mixture.  Data has already been published indicating that there is a difference 
in the size of the fluid-fluid coexistence region with each extract 76. 
Recently a biomechanical microscope was purchased within the group which allows the 
rigidity of membranes to be investigated by micropipette aspiration.  This could form an 
interesting addition to the work on the gel phase disruption in BBSM by Chol.  The 
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change in the rigidity of the bilayer with increasing amounts of Chol would be interesting 
to investigate in the context of the disruption of the gel.  The same technique could also 
be applied to the systems in the fluid phase to measure any increase in bilayer rigidity a 
Chol content increases. 
Owing to the complex mixture of SMs within the extracts, an investigation into the phase 
behaviour of synthetic SMs would be both interesting and beneficial.  This is limited by 
the relative difficulty of the synthesis and the expense of purchasing the synthetic SM.  
Some initial work was carried out on synthetic 18:0 and 18:1 SM (not included here) 
however due to problems homogenising the samples little useful data were acquired.  
Deuterated SM would be particularly advantageous as 2H NMR could be used to more 
accurately assign the phases based upon the chain order parameters.  A full investigation 
of a range of synthetic SMs would be very desirable in order to further understand the 
behaviour of the natural extracts. 
The pressure jump studies presented here have shown that the lamellar transitions are 
often very fast with some of the processes occurring in less than 5 ms.  The equipment 
used for these experiments was capable of millisecond resolution however work is 
planned to develop a microsecond timescale system.  This would be capable of observing 
the faster processes, especially the loss of the ripple in BBSM which could not be 
observed using the current system. 
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Appendix 1: BBSM pressure jumps 
48°C - jumps from fluid to gel phase 
BBSM 48°C 200-810 bar  
 
 
 
202 
BBSM 48°C 200-950 bar  
 
BBSM 48°C 200-1220 bar  
 
203 
BBSM 48°C 200-1550 bar  
 
48°C - jumps from gel to fluid phase 
BBSM 48°C 1600-690 bar  
 
204 
BBSM 48°C 1600-540 bar  
 
BBSM 48°C 1600-460 bar  
 
205 
BBSM 48°C 1600-380 bar  
 
52.9°C - jumps from fluid to gel phase 
BBSM 52.9°C 200-810 bar  
 
206 
BBSM 52.9°C 200-950 bar  
 
BBSM 52.9°C 200-1250 bar  
 
207 
BBSM 52.9°C 200-1500 bar  
 
52.9°C - jumps from gel to fluid phase 
BBSM 52.9°C 1600-680 bar  
 
208 
BBSM 52.9°C 1600-540 bar  
 
BBSM 52.9°C 1600-520 bar  
 
 
209 
BBSM 52.9°C 1600-370 bar  
 
 
57.7°C - jumps from fluid to gel phase 
 
BBSM 57.7°C 200-810 bar  
 
210 
BBSM 57.7°C 200-940 bar  
 
BBSM 57.7°C 200-1210 bar 
 
211 
BBSM 57.7°C 200-1450 bar  
 
57.7°C - jumps from gel to fluid phase 
BBSM 57.7°C 1600-700 bar  
 
212 
 
BBSM 57.7°C 1600-520 bar  
 
BBSM 57.7°C 1600-470 bar  
 
213 
BBSM 57.7°C 1600-400 bar  
 
BBSM 57.7°C 1600-330 bar 
 
214 
 
 
Appendix 2: MSM pressure jumps 
48°C - jumps from fluid to gel phase 
MSM 48°C 200–820 bar  
 
 
 
 
215 
MSM 48°C 200–950 bar  
 
MSM 48°C 200–1220 bar  
 
216 
 
MSM 48°C 200–1500 bar 
 
48°C - jumps from gel to fluid phase 
MSM 48°C 1600–700 bar  
 
217 
MSM 48°C 1600–550 bar  
 
MSM 48°C 1600–470 bar  
 
218 
MSM 48°C 1600–440 bar 
 
MSM 48°C 1600–280 bar 
 
219 
52.7°C - jumps from fluid to gel phase 
MSM 52.7°C 400–880 bar  
 
MSM 52.7°C 400–1024 bar  
 
220 
MSM 52.7°C 400–1280 bar  
 
MSM 52.7°C 400–1550 bar  
 
221 
52.7°C - jumps from gel to fluid phase 
MSM 52.7°C 1600–700 bar  
 
MSM 52.7°C 1600–550 bar  
 
222 
MSM 52.7°C 1600–310 bar  
 
MSM 52.7°C 1600–194 bar  
 
 
223 
57.7°C - jumps from fluid to gel phase 
MSM 57.7°C 400–1000 bar  
 
MSM 57.7°C 400–1150 bar  
 
 
224 
MSM 57.7°C 400–1300 bar  
 
MSM 57.7°C 400–1550 bar  
 
225 
MSM 57.7°C 200–1550 bar  
 
MSM 57.7°C 750–1520 bar  
 
 
226 
57.7°C - jumps from gel to fluid phase 
MSM 57.7°C 1600–700 bar  
 
MSM 57.7°C 1600–620 bar  
 
227 
MSM 57.7°C 1600–550 bar  
 
MSM 57.7°C 1600–470 bar 
 
228 
MSM 57.7°C 1600–390 bar  
 
MSM 57.7°C 1600–210 bar  
 
